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It is inevitable that bioalcohols will serve as important renewable and 
sustainable energy resources in the future. Membrane-based pervaporation 
process has been reported as an energy efficient candidate in the separation 
and purification of bialcohols. This research focused on developing high 
performance pervaporation membranes for the separation and purification of 
biofuels and solvents based on the aspects of material development, membrane 
formation and hollow fiber spinning. 
 
The feasibility of thermally rearranged polybenzoxazole (PBO) membranes in 
dehydration of biofuels via pervaporation process was explored. The 
polyimide based precursor was synthesized by polycondensation of 4,4’-
(hexafluoroisopropylidene) diphthalic anhydride (6FDA) and 3,3'-
Dihydroxybenzidine diamine (HAB) and fabricated into dense membranes. 
The resultant polyimide precursors were then subjected to thermal 
rearrangement reaction to initiate the solid-state chain rearrangement into PBO. 
The thermally rearranged PBO membranes showed an impressive 
enhancement in permeation flux with reasonable separation performance as 
compared to its polyimide precursor. Besides, the pervaporation performance 
was found to be greatly affected by the thermal rearrangement temperature as 
compared to the dwell duration. Furthermore, the stability of the thermally 
rearranged PBO membrane has been proven by continuously monitoring the 




On the other hand, the phase inversion phenomenon of semi-crystalline 
poly(vinylidene fluoride) membrane was investigated through the fabrication 
of flat asymmetric PVDF membranes with strong chemical resistance and 
good mechanical strength via mixed solvent systems. A mixed solvent system 
coupled with the evaporation of volatile latent solvent at elevated temperatures 
has effectively suppressed macrovoids and promoted dense skin layer 
formation in PVDF membranes as compared to that of pure NMP system. The 
membranes cast from mixed solvent systems can be further designed into the 
desired interconnected open pore structure rather than globular structure with 
weaker mechanical strength by altering the evaporation temperatures.  
 
In addition, a novel immiscibility induced phase separation (I
2
PS) process to 
fabricate high performance dual-layer hollow fiber for dehydration of ethanol 
via pervaporation was proposed. The immiscible blend dopes were 
concurrently extruded through a triple orifice spinneret and fabricated into 
dual-layer hollow fibers consisting of an outer protective layer and an inner 
selective layer. It was found that the phase inversion kinetics of the outer-layer 
dope solutions as well as the nature of outer-layer materials play great roles in 
determining the morphology of the outer protective layers and subsequently 
affects the permeance of the resultant hollow fibers. The aforementioned 
hollow fibers possess high water permeance coupled with reasonable 
water/ethanol selectivity in dehydration of ethanol.  
 
In the final section of the study, the mechanisms to enhance the performance 
of hollow fibers spun via I
2
PS were disclosed by elucidating the material 
xiii 
 
selection at the inner-layer. Moreover, this section also reveals methods to 
reduce mass transport resistance by enhancing surface porosity for both inner 
and outer surfaces to further improve the permeation flux of the 
aforementioned hollow fiber. The continuous performance analysis 
demonstrates that the fibers spun from the I
2
PS possess stable dehydration 
performance throughout the monitored period of 300 hours. The present study 
may illuminate an innovative approach for the fabrication of high performance 
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1.1 The brief history of membrane technology  
 
Membrane can be defined as a selective thin barrier that allows the selective 
transportation of the more permeable species [1]. To date, membrane 
technology has been applied in various forms of applications such as 
micro/ultra/nanofiltration, reverse osmosis, forward osmosis, membrane 
distillation, gas separation, pervaporation, etc. 
 
The discovery and the documentation of membrane separation technique can 
be traced back to eighteenth century when Jean-Antoine Nollet, a French 
cleric and physicist discovered the semi-permeable characteristic of natural 
membrane and osmosis phenomena [2]. Early development of membrane 
technology was then focused on the membranes made from natural materials 
such as animal bladders or gum elastics [3]. Thereafter, a series of studies on 
synthetic membranes were conducted at the beginning of twentieth century. 
The first synthetic membrane was fabricated by Bechhold in 1907 through 
impregnation method whereby a filter paper with nitrocellulose solution was 
impregnated in anhydrous acetic acid [4]. In addition, Sartorius GmbH was 
reported to produce a wide range of commercial nitrocellulose microfiltration 
membranes for laboratory applications in 1930s [3, 5]. The membrane 
 2 
technology has found its large application during the post-World War II era in 
the production of clean drinking water at Europe [6]. 
 
Nevertheless, the vast industrial application of membrane technology only 
started to flourish after the significant breakthrough study by Loeb and 
Sourirajan in the fabrication of asymmetric membrane for reverse osmosis via 
phase inversion process [7]. The Loeb-Sourirajan membrane possesses a dense 
skin layer which controls the selectivity of the membranes and the permeation 
flux whereas the mechanical support of the whole membrane is provided by 
the porous sub-layer. The foundation laid by Leob-Sourirajan membrane has 
led to the invention of thin-film composite (TFC) membrane. The TFC 
membranes showed an exceptional improvement in the permeation flux and 
high salt rejection in reverse osmosis due to the thin layer of interfacial 
polymerized polyamide on a substrate [8]. The TFC membrane was then being 
patented and commercialized by Dow Chemical Company under the trade 
name of Dow Filmtec
TM
 in a spiral wound module [9].  
 
On the other hand, scientists have been exploring the possibility to 
synergistically combine the advantages of organic membranes (low cost and 
ease of fabrication) and inorganic membranes (high performance). The 
research on mixed matrix membrane was first observed and reported by Paul 
and Kemp with the combination of zeolite 5A and polydimethyl siloxane 
(PDMS) [10]. The aforementioned technology was then patented by UOP 
LLC in 1980s for gas separation [11]. In 2000s, there are strong interests in 
utilizing membrane technology for power generation [12-14]. The concept of 
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osmotic power was first proposed by Professor Sidney Loeb as the form of 
pressure retarded osmosis (PRO) [14] and the first on-site demonstration of 
this concept was operated by Statkraft in Norway in 2009 [15]. The types and 
applications of membrane separation processes are summarized in Table 1.1. 
 
1.2 Overview on pervaporation process  
 
Pervaporation process is a membrane based process where the feed mixture (in 
a liquid phase) contacts one side of the membrane while either a vacuum or a 
sweep gas is applied at the permeate side of the membrane. The schematic of 
pervaporation process is shown in Figure 1.1. The separation mechanism of 
the aforementioned process predominantly relies on the preferential sorption 
and diffusion of the selected component through the membrane. Therefore, it 
is unbound by the limitation of thermodynamic vapor-liquid equilibrium 
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Figure 1.1 Schematic of pervaporation process  
 
The first observation of pervaporation phenomenon was reported by 
Kahlenberg in 1906 [16]. The ‘pervaporation’ term was then defined from the 
combination of ‘permeation’ and ‘evaporation’ by Kober in 1917 after 
observing the selective permeation of water through the collodion and 
parchment membrane [17]. Early pervaporation experiments at laboratory 
scales were subsequently reported by Farber [18] and Heisler et al. [19] in 
concentrating protein solution as well as separating ethanol-water mixture, 
respectively. Series of systematic studies were conducted by Binning co-
workers at American Oil Company, Texas City U.S.A. from 1958 to 1962. 
Their early researches were focused on the separation of organic-organic 
mixtures (such as olefins-paraffins, methanol-benzene and hydrocarbon 
isomers) [20] and organic-water mixtures (such as alcohols-water) [21-23]. In 
addition, several patents and publications were issued and reported Eli Perry 
and co-workers at Monsanto Company [24, 25] as well as Aptel et al. [26] and 
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Neel et al. [27] from Ecole Nationale Superieure des Industries Chimiques 
(ENSIC), Nancy, France between 1070s to early 1980s. 
 
The introduction of Loeb-Sourirajan asymmetric membrane has made the 
commercialization of pervaporation membranes possible with the asymmetric 
structure that greatly enhances the permeation flux of the membranes [6]. As a 
result, pervaporation membrane ventured for its debut commercialization 
when Gesellschaft für Trenntechnik (GFT) launched the first pervaporation 
membrane which utilized a composite membrane configuration where a thin 
layer of crosslinked PVA was coated on a porous poly(acrylonitrile) (PAN) 
support cast on a non-woven fabric [28]. Thereafter, around 63 pervaporation 
systems were commercialized and installed worldwide between 1984 and 
1996 [29]. Most of these systems were used in dehydration of organic solvents. 
On the other hand, pervaporation process also found its application in the 
recovery of organic compounds from aqueous solutions. This technology was 
developed by Membrane Technology and Research (MTR) to remove low 
concentration of volatile organic compounds (VOCs) from contaminated water. 
The first commercial plant was commissioned and sold in 1996 [6]. In 
addition, the first large scale pervaporation plant that utilized inorganic tubular 
type module with zeolite NaA was installed at Kariya city in Aichi region of 
Japan in early 2000s by Mitsui Engineering and Shipbuilding Co. Ltd. for 
dehydration of methanol, ethanol and isopropanol [30]. The key milestones in 





Figure 1.2 Key milestones in the development of pervaporation process 
 
1.3 The applications of pervaporation process 
 
Since the separation mechanism of pervaporation process predominantly relies 
on the preferential sorption and diffusion of the selected component through 
the membrane, it has been widely applied in the separation of various liquid 
mixtures. This process has found its application in the following areas: 
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(i) Dehydration of organic solvents. (i.e. alcohols, acids, esters and 
ethers) 
(ii) Removal of dilute organic compounds from aqueous solutions. 
(i.e. recovery of biofuels from fermentation broths, removal of 
VOCs from waste water and recovery of aroma) 
(iii) Organic-organic separation. (i.e. polar-non polar, aromatic-
aliphatic, aromatic-alicyclic and isomers separation) 
 
1.3.1 Dehydration of organic solvents 
 
Dehydration of organic solvents is a vital process to produce anhydrous 
organic solvents for various applications in chemical industry. However, this 
process is very challenging since most of the common organic solvents form 
azeotropes with water. Therefore, the usage of conventional distillation 
process to produce anhydrous organic solvents is regarded as complicated and 
energy intensive process [31]. On the other hand, the synergistic combination 
of sorption (high sorption affinity to hydrophilic materials) and diffusion (high 
diffusion rate due to much smaller molecule size) of water molecules toward 
the pervaporation membranes has made the application of pervaporation 
process in dehydration of organic solvent as the most developed among the 
aforementioned areas. 
 
Most of the commercially available pervaporation membranes for dehydration 
of organic solvents are made of hydrophilic polyvinyl alcohol (PVA) and 
cross-linked by special cross-linking agent. The hydrophilicity of PVA is able 
 9 
to increase the sorption of water molecule on the surface of the membrane 
whereas the cross-linked structure is able to provide certain chemical 
resistance to the membranes. The commercial available pervaporation 
membranes in dehydration of organic solvents are tabulated in Table 1.2. 
 
Table 1.2 Commercial available pervaporation membranes in dehydration of 
organic solvents [29, 32, 33] 
Membrane Structure 
PERVAP 2200 PVA cross-linked/PAN support 
PERVAP 2201 PVA highly cross-linked/PAN  
PERVAP 2202 PVA specially cross-linked/PAN  
PERVAP 2205 PVA specially cross-linked/PAN  
PERVAP 2210 PVA lightly cross-linked/PAN  
PERVAP 2510 PVA specially cross-linked/PAN  
CM-Celfa PVA cross-linked/PAN support 
GKSS Simplex Complex polyelectrolyte/PAN 
MTR Aquarius Perfluoropolymer/microporous support 
HybSi Organic-inorganic hybrid 
 
1.3.2 Removal of dilute organic compounds from aqueous solutions 
 
Pervaporation process becomes feasible in removal of organic compounds 
from aqueous solutions when the concentration of the organic compounds in 
aqueous solution is relatively high. As opposed to abovementioned 
dehydration process, the removal of dilute organic compounds from aqueous 
solutions via pervaporation process requires the permeation of larger molecule 
size organic compounds through the membranes. Hence, the membranes have 
to be made of organophilic or hydrophobic materials in order to increase the 
affinity of organic compounds towards the membrane. The commercial 
 10 
available pervaporation membranes in removal of dilute organic compounds 
from aqueous solutions are listed in Table 1.3. Most of the membranes are 
made of hydrophobic polydimethyl siloxane (PDMS) and related hydrophobic 
polymers. In addition, the application of pervaporation process in the recovery 
of aroma compounds can become important in the future since it has the 
advantage in operating at low temperature to avoid the degradation of these 
temperature sensitive and high valued compounds [34]. 
 
Table 1.3 Commercial available pervaporation membranes in removal of 
dilute organic compounds from aqueous solutions [29] 
Membrane Structure 
PERVAP 1060 PDMS cross-linked/PAN support 
PERVAP 1070 PDMS cross-linked + silicalite/PAN  
MTR 100 PDMS cross-linked/porous support  
MTR 200 EPDM/PDMS cross-linked/porous support 
GKSS PEBA PEBA/porous support  
GKSS PDMS PDMS cross-linked/porous support  
GKSS PMOS PMOS cross-linked/porous support 
 
1.3.3 Organic-organic separation 
 
Organic-organic separation via pervaporation process is the most challenging 
and the least developed application. This may be mainly due to the lack of 
robust membrane materials as well as module that able to withstand the long-
term exposure of organic solvents at high temperature. There are only few 
commercial available membranes (Table 1.4) that served this application such 
as the separation of methanol from methanol/methyl ester or methyl ether 
mixtures and the separation of ethanol from ethanol/ethyl ether solutions. The 
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future prospects of this application are on the purification of alkylether and 
extraction of aromatics from hydrocarbons. 
 
Table 1.4 Commercial available pervaporation membranes in organic-organic 
separation [29] 
Membrane Applications 
PERVAP 2256 1 
Extraction of methanol from methanol/methyl 
ester or methyl ether mixtures 
PERVAP 2256 2 
Extraction of ethanol from ethanol/ethyl ether 
solutions 
 
1.4 Separation and purification of biofuels in biorefineries 
 
Bioalcohols (such as bioethanol and biobutanol) produced from biological 
fermentation have been regarded as a promising candidate to replace fossil 
fuel, predominantly in the transportation sector. As a result, bioethanol was 
produced in large scale and the global production of fuel grade bioethanol has 
risen from 30.8 billion liters to 67 billion liters from year 2004 to 2008 with 
both Brazil and United States as the primary producers [35]. In addition, the 
total ethanol production in the United States for 2010 reached 49 billion liters 
as compared to 41 billion liters in 2009 indicating the increasing demand of 
ethanol in the market [36].  
 
In general, most of the production cost (60% to 80%) of fuel grade bioalcohols 
(anhydrous bioalcohols) falls on the separation and purification section owing 
to the low alcohol concentration in the fermentation broth [37]. Therefore, it is 
undeniable that a cost effective and optimized separation and purification 
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process in biorefinery can greatly reduce the production cost of fuel grade 
bioalcohols. The conventional separation and purification methods of 
bioalcohols will be reviewed in this section. 
 
Currently, distillation is the most common unit operation used to concentrate 
bioethanol from fermentation broth [38]. However, this process often involves 
large equipment sizing in addition to its energy intensive nature. Moreover, 
the separation efficiency of distillation process is always limited by 
thermodynamic vapor-liquid equilibrium (VLE). Owing to the formation of 
azeotropic mixture between lower alcohols (such as ethanol, isopropanol and 
butanols) and water, conventional distillation process alone is unable to 
produce fuel grade alcohols. Therefore, ternary distillation, liquid-liquid 
extraction process and molecular sieve sorption were used to overcome the 
azeotropic limitation in dehydration of bioalcohols [38, 39]. 
 
Typically in the ternary distillation, a ternary solvent such as benzene, toulene 
and cyclohexane were used as the ternary solvent to break the binary 
azeotrope of water-alcohols [40, 41]. Unfortunately, benzene and toluene are 
reported to have carcinogenic effect and they are replaced by less hazardous 
cyclohexane. However, cyclohexane has the disadvantage of being high 
flammable [42]. On the other hand, liquid-liquid extraction process uses less 
hazardous ternary liquids such as oleyl alcohol, n-dodecanol and isoamyl 
acetate to direct extract alcohols from the fermentation broth [43-45]. The 
compatibility between the solvent and the microorganism in the fermentation 
broth as well as methods to recover alcohols from the extraction liquid are the 
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main issues in this process to enable liquid-liquid extraction process become 
commercially viable. In addition, multiple adsorption and desorption columns 
need to be installed to enable the continuous operation of molecular sieve 
sorption process. Besides, high pressure and low temperature need to be 
applied for the adsorption process and vice versa for desorption process to 
recover the absorbate which make it a high energy intensive process.  
 
Therefore, a green and cost effective method is urgently needed for the 
separation and purification of bioalcohols. Pervaporation process is regarded 
as one of the promising methods to replace conventional separation processes 
in dehydration of bioalcohols. A detailed review on pervaporation process will 
be presented in the following section. 
 
1.5 Applications of pervaporation process in biorefineries  
 
Pervaporation process possesses the advantages of preferential sorption and 
diffusion of selective species transport through the membrane for the 
separation to occur. Other than that, it only involves phase change towards the 
permeating species that made it more energy efficient and economically viable 
as compared to distillation [46]. Therefore, this process was previously applied 
for the separation of azeotropic, close-boiling solutions, thermally sensitive 
compounds as well as removal of dilute species in wastewater [47, 48]. The 
characteristic of pervaporation process and membranes will be presented in 
this section.  
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Depending on the membrane materials (hydrophobic or hydrophilic), the 
membrane pervaporation process can be used either to draw the bioalcohols 
from fermentation broth or to dehydrate bioalcohols without being restricted 
by the limitation of thermodynamic VLE. In terms of energy consumption, 
only latent heat is required for the separation to occur [47]. Besides, the 
aforementioned membrane technology also offers smaller footprint coupled 
with flexibility and simplicity in the process control and module fabrication 
[48]. In addition, it can also be incorporated with fermentation process to 
continuously remove bioalcohols and minimize the product inhibitions [49].   
 
1.6 Pervaporation membranes 
 
Polymer remains as the most versatile and feasible material among diverse 
choices of membrane materials. This is due to its ease of fabrication as well as 
the relatively low production cost as compared to inorganic membranes. The 
polymeric membrane materials used in dehydration of biofuels and solvents 
have been extensively reviewed by Jiang et al., Semenova et al. and Chapman 
et al. [48, 50, 51]. Given that the dehydration of the biofuels and solvents by 
membrane pervaporation process occurred via solution diffusion mechanism, 
the hydrophilic polymers such as poly(vinyl alcohol), chitosan and alginate 
will greatly enhance the solubility selectivity of water towards the membrane 
by formation of hydrogen bonding [50]. Conversely, the glassy polymers such 
as polyimides and polyamides consist of rigid and stiff backbone that can 
improve the diffusivity selectivity of the separation as the water molecule is 
generally smaller than the organics molecule.  
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In terms of membrane configuration, the pervaporation membranes can be 
fabricated in various configurations (such as flat sheet and hollow fiber). From 
an application point of view, membranes fabricated in a hollow fiber form 
possess several advantages over the flat membranes such as, higher packing 
density, self-supporting structure and self-containing vacuum channel if the 
shell feed mode is applied. To date, the performance of polymeric 
pervaporation membranes is still lower than inorganic membranes though they 
have the advantage in terms of lower cost and ease of fabrication. Therefore, 
there is a pressing need to develop high performance pervaporation 
membranes from the aspect of novel membrane fabrication technique and 
membrane materials. 
 
1.7 Research objectives and thesis organization 
 
In view of the aforementioned review on the pervaporation membranes, it is 
worth noting that the performance of the polymeric membranes is still lower 
than inorganic membranes. The conventional performance of polymeric 
membranes shows a trade–off trend in which the increment in permeability 
resulted in the reduction of selectivity and vice versa for the increment of 
selectivity for the polymeric membranes. This is probably due to the fact that 
the polymeric membranes are easier to swell as compared to the inorganic 




Therefore, the ultimate goal of this study was to develop high performance 
polymeric membranes for the separation and purification of biofuels and 
solvents via pervaporation process. The objective of the research was further 
divided into several phases based on the aspects of membrane formation, 
material development and hollow fiber spinning as listed below: 
(i) Prospective study of high performance polybenzoxazole membrane 
in biofuel separation. 
(ii) Fundamentals of semi-crystalline poly(vinylidene fluoride) 
membrane formation and its prospects for biofuels separation via 
pervaporation. 
(iii) Development of high performance dual-layer hollow fiber 
fabricated via novel immiscibility induced phase separation (I
2
PS) 
process for dehydration of ethanol. 
(iv) Pushing the limits of high performance dual-layer hollow fiber 
fabricated via immiscibility induced phase separation (I
2
PS) 
process in dehydration of ethanol. 
 
The highly chemically- and thermally-resistant polybenzoxazole polymer was 
synthesized through polycondensation and thermally rearrangement method. 
Besides, the fundamentals of the phase inversion phenomena of semi-
crystalline poly(vinylidene fluoride) asymmetric membranes were studied 
through non-solvent induced phase separation (NIPS) method. A novel hollow 
fiber spinning method, namely the immiscibility induced phase separation 
(I
2
PS) process was proposed to fabricate high performance hollow fiber 
membrane in dehydration of biofuels and solvents. 
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The outcomes of present study may reduce the performance gap between 
polymeric and inorganic membranes and hence decrease the membrane 
fabrication and operating cost required for the separation and purification of 
biofuels and solvents via membrane pervaporation process. In addition, the 
proposed hollow fiber spinning method may provide a revolutionary and 
universal hollow fiber fabrication in the future. It is understood that the current 
study only focuses on the separation and purification of alcoholic biofuels and 
solvents such as ethanol, isopropanol and n-butanol. Other category of 
biofuels such as biodiesel was not within the scope of present study. 
  
This dissertation is organized and structured into eight chapters and a brief 
description of the coverage in each chapter is as follows. 
 
Chapter One: This chapter provides the brief history of membrane separation 
process and the overview membrane pervaporation process. In addition, the 
development of commercial pervaporation membranes in various separations 
and the application of pervaporation process in biorefineries are covered. The 
research objectives and outline of this dissertation are presented in the end of 
this chapter. 
 
Chapter Two: This chapter describes the background and literature review of 
the pervaporation process that includes the transport mechanism, membrane 




Chapter Three: The materials used and the membrane preparation methods 
are documented in this chapter. This chapter includes detailed descriptions of 
the characterization techniques and experiment setups used to characterize the 
physicochemical properties as well as the performances of the membranes. 
 
Chapter Four: The feasibility of thermally rearranged polybenzoxazole (PBO) 
membranes in dehydration of biofuels via pervaporation process is explored. 
The polyimide-based precursor was synthesized and subjected to thermal 
rearrangement process. The effects of heating temperature, duration on 
pervaporation performance and the stability of the PBO membrane have been 
systematically studied.  
 
Chapter Five: The phase inversion phenomena of semi-crystalline 
poly(vinylidene fluoride) is investigated. The mixed solvent system coupled 
with the evaporation of volatile latent solvent has been employed to design the 
morphology and pore structure of the membrane.  
 
Chapter Six: In this chapter, a novel hollow fiber fabrication technique, 
namely immiscibility induced phase separation (I
2
PS) process to fabricate high 
performance dual-layer hollow fibers for dehydration of ethanol via 
pervaporation is proposed. The effects of phase inversion kinetics as well as 
the nature of the protective layer materials on the performance of the as-spun 
fibers are discussed. 
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Chapter Seven: This chapter elucidates the methods to enhance the 
performance of the hollow fiber spun via immiscibility induced phase 
separation (I
2
PS) process by reducing the mass transfer resistances at both 
outer protective layer and inner layer. A comparison on dehydration 
performance of the developed hollow fibers with various membranes available 
in the literature is presented. 
 
Chapter Eight: This dissertation closes with a summary of conclusions and 
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BACKGROUND AND LITERATURE REVIEW 
 
2.1 Transport mechanism in the membranes 
 
Pervaporation is a rate-controlled membrane process where the feed mixture 
(in a liquid form) contacts one side of the membrane while either a vacuum or 
a sweep gas is applied at the permeate side of the membrane to remove the 
permeating components as a vapor mixtures. The knowledge on the transport 
mechanism in the pervaporation membranes is essential in order to develop 
proper pervaporation membranes. In general, there are two models used to 
describe this process: 
 
(i) Solution diffusion model 
(ii) Pore-flow model 
 
2.1.1 Solution diffusion model 
 
Solution diffusion model has been widely accepted to describe the transport 
mechanism of most pervaporation processes [1, 2]. This model decouples the 
transport phenomena of membrane pervaporation into three steps as shown in 




(i) Sorption of permeating component from feed liquid into 
membrane;  
(ii) Diffusion of permeating component through the membrane; 
(iii) Desorption of permeating component to the vapor phase on the 




Figure 2.1 Graphical representation of solution diffusion model 
 
This model defines the permeability coefficient P as the product of the 
diffusivity, D and the solubility, S:  
P D S                                                        (2.1) 
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Given that the separation of the feed mixture occurred via solution diffusion 
mechanism, the pervaporation membranes can therefore be customized in two 
different ways:  
 
(i) Based on solubility differences of components in the mixture. 
(ii) Based on the differences in diffusivity of components in the 
mixture. 
 
Crespo and Böddeker [3] reported that the sorption selectivity of the 
membranes favors the more condensable molecules or molecules which have 
special interaction with the membrane materials whereas the diffusion 
selectivity greatly depends on penetrant size and shape, mobility of polymer 
chains, interstitial space between polymer chains and the interactions between 
penetrants and penetrant and membrane material [4]. Therefore, the membrane 
can be tailored into either alcohol selective (alcohols preferentially permeate 
through the membranes) or water selective (water preferentially permeates 
through the membranes) by selecting different choices of membrane materials. 
According to solution diffusion model, the main driving force for the species 
to transport through the membrane is governed by the chemical potential 






2.1.2 Pore-flow model 
 
The pore-flow model was proposed by Matsuura and co-workers in early 
1990s [6-8]. This model assumes the existence of cylindrical pores with length 
of δ across the membranes. In addition, the pores are filled with feed mixture 
(liquid) and a liquid-vapor phase boundary  ocated at the  ength δa from the 
pore inlet. The graphical representation on the concept of this model is shown 




Figure 2.2 Graphical representation of pore-flow model 
 
The transport mechanism of this model can be further decoupled into three 
steps [2]: 
 
(i) Liquid transport from the pore inlet to a liquid-vapor phase 
boundary; 
(ii) Evaporation at the inter-phase boundary; 
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(iii) Permeate transport from the boundary to the pore outlet 
 
In other words, the whole pervaporation process can be considered to be a 
combination of liquid-phase and vapor-phase transport in series. Recently, 
Sukitpaneenit and Chung [9] proposed a modified pore-flow for the prediction 
of pervaporation process by factoring in the contribution of Knudsen flow into 
the vapor transport of pore-flow model.  
 
 
2.2 Evaluation of pervaporation membranes 
 
The pervaporation membranes are generally evaluated based on their 
productivity and capability of separating components from feed mixture. 
There are two sets of interlinked parameters that have been widely used to 
describe their productivity and separation capability: 
 

















                                             (2.3) 
 
where J is the flux, Q is the total weight of permeate collected at specific 
period (t), A is the effective surface area of the membrane,  x and y are the 
mass fractions of species 1 and 2 in the feed and permeate, respectively.  
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Since solution diffusion model has been accepted to describe the transport 
mechanism of most pervaporation processes. The trans-membrane permeation 
flux of a particular component can be written as [5]: 
, ,( )
i




                                                        (2.4) 
 
where Pi is the permeability of component i across the membrane, l is the 
thickness of the selective layer, fi,f and fi,p are fugacities or partial vapor 
pressures of component i on feed and permeate sides of the membrane, 
respectively. The fugacity of component i in the feed side based on its liquid 
concentration can be determined by: 
  ,
sat
i f i i if x p                                               (2.5) 
 
where xi, γi and    
   sat
ip  are the mass fraction, activity coefficient and 
saturated vapor pressure of component i in the feed, respectively. Both activity 
coefficient and saturated vapor pressure were obtained from Aspen Properties 
v7.1 provided by AspenTech Inc. with the WILSON method. The mass based 
and mo e based se ectivities (α) of the membrane was then defined as the ratio 
of the permeabilities of species i and j: 






   









     
                   (2.7) 
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The mole based selectivity decouples the effect of the molar mass ( M ) 
of species i and j in the calculation. 
 
In addition, the selectivity (α) of the asymmetric membrane was then defined 
as the ratio of the permeance of components i and j since the actual selective 











2.3 Membrane materials  
 
2.3.1 Recovery of alcohols  
 
The recovery of alcohols from dilute solutions requires the alcohols or 
solvents molecule (usually in larger size than water) to permeate through the 
membranes. In general, hydrophobic materials are used in hydrophobic 
pervaporation process in order to enhance the interaction between the organics 
and the membrane. Currently, poly(dimethyl siloxane) known as PDMS or 
‘si icon rubber’ is the benchmar  materia  for hydrophobic pervaporation and 
this elastomer has the ethanol-water separation factor ranging from 4-11 [10]. 
Poly[1-(trimethylsilyl)-1-propyne] (PTMSP) is another hydrophobic material 
used to explore its prospect in the recovery of alcohols. The PTMSP 
membranes show a higher permeability as compared to PDMS membrane due 
to the higher free volume nature of this polymer [11, 12]. However, the 
performance of PTMSP membrane was reported to be unstable (with both flux 
 32 
and selectivity declining with time) and this can be attributed to the collapse of 
free volume or the sorption of fouling components inside the membrane [13]. 
 
In addition, there have been interests in using hydrophobic zeolite (i.e. 
silicalite-1) in the recovery of alcohols via pervaporation process. The 
silicalite-1 membrane has been reported to be able to achieve higher ethanol-
water separation factor than conventional PDMS membranes [10]. Due to the 
relatively high manufacturing cost of pure silicalite-1 membranes, the mixed-
matrix membranes consisting silicalite-1 as the filler have been investigated 
[14-16]. 
 
2.3.2 Dehydration of alcohols 
 
The membrane materials used in dehydration of alcohols and solvents have 
been extensively reviewed by various research groups [17-22]. Given that the 
dehydration of alcohols and solvents by the membrane pervaporation process 
occurs via solution diffusion mechanism, the membranes fabricated with 
hydrophilic polymers would greatly enhance the solubility selectivity of water 
towards the membrane by hydrogen bond interactions [18]. Hydrophilic 
polymers such as poly(vinyl alcohol) (PVA), chitosan and alginate are among 
the popular materials used to fabricate hydrophilic pervaporation membranes 
[23-26]. The high water affinity of the aforementioned materials also causes 
severe swelling effects which deteriorate the separation efficiency of the 
membranes and crosslinking process is normally used to stabilize the 
membranes. On the other hand, glassy polymers such as rigid and stiff 
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polyimides and polyamides would improve the diffusivity selectivity because 
water molecules are generally smaller than the organic molecules. Commercial 
and self-synthesized polyimides have been studied for pervaporation 
applications and the separation efficiency can be improved through the 
crosslinking process [17]. 
 
Inorganic or organic-inorganic hybrid materials were reported to possess 
better chemical and thermal stability over the polymeric materials. Hence, 
there are significant interests in exploring the prospect of these materials in 
hydrophilic pervaporation at extreme operating conditions [22, 27]. Besides, 
mixed matrix membranes (consisting of fillers such as zeolites, cyclodextrins, 
metal oxides, etc.) that inherit the advantages of both polymeric (ease of 
fabrication) and inorganic materials (high separation efficiency) have been 
investigated in dehydration of alcohols and solvents [28-31]. 
 
2.4 Membrane formation 
 
Membrane formation is one of the essential sections in membrane fabrication 
process, which determines the morphology, and subsequently the performance 
of the resultant membrane. The membranes can be generally classified into 
dense membranes and asymmetric membranes based on their respective 
structures. 
 
The dense membranes are usually fabricated via solution casting and used in 
the laboratory to characterize the intrinsic properties of the materials. These 
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membranes are seldom applied in the practical separation processes due to the 
relatively low trans-membrane flux that limits the productivity of the 
membranes [32]. In contrast, the asymmetric membranes possess a thin 
selective layer supported by a relatively thick microporous substrate. The 
microporous structure of the substrate has greatly reduced the sub-structure 
resistance of the asymmetric membranes and therefore enhances the trans-
membrane flux. Most of the integral asymmetric membranes nowadays are 
prepared through phase inversion process proposed by Loeb and Sourirajan 
[33]. 
 
Phase inversion or phase separation process is a process whereby the polymer 
in the solution form undergoes phase change into a polymer-rich phase (matrix) 
and a polymer-lean phase (pores) of the membranes. Several techniques have 
been proposed to fabricate membranes via phase inversion process [32]: 
 
(i) Immersion precipitation 
The as-cast polymer solution is precipitated in a non-solvent 
bath (usually water) to induce phase inversion.  
 
(ii) Vapor induced phase separation 
The as-cast polymer solution is placed in humid atmosphere to 
induce phase inversion.  
 
(iii) Thermal gelation 
The cooling of hot polymer solution causes the phase inversion. 
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(iv) Solvent evaporation 
The evaporation of one of the volatile solvent in casting 
solution causes the phase inversion. 
 
2.4.1 Phase inversion of glassy polymer 
  
The phase inversion of glassy polymer can concurrently occurs via two 
different routes, namely: 
 
(i) Nucleation and growth  
(ii) Spinodal decomposition 
 
Figure 2.3 portrays the ternary phase diagram that relates the phase transition 
between the polymer, solvent and non-solvent in thermodynamically 
equilibrium at a particular temperature. Nucleation and growth occurs when 
the polymer solution shifts from the thermodynamically stable region to the 
meta-stable region between the binodal and the spinodal curves shown in the 
phase diagram [34]. Nucleation and growth of the polymer-rich phase in the 
lower (lower polymer concentration) meta-stable region leads to the formation 
of polymer powders or low-integrity polymer agglomerates. On the other hand, 
nucleation and growth of the polymer-poor phase in the upper (high polymer 
concentration) meta-stable region results in the formation of porous 






Figure 2.3 Ternary phase diagram of a polymer–solvent–non-solvent system 
[35] 
 
Spinodal decomposition occurs when the system enters the thermodynamically 
unstable region by directly crossing the critical point or indirectly through the 
meta-stable region and yields the morphology with an open-cell or 
interconnected network structure. In addition, the kinetics of the phase 
inversion process must be considered as the polymer–solvent–non-solvent 
system changes composition rapidly during the phase inversion process that 
involves mass transfer [35]. 
 
2.4.2 Phase inversion of semi-crystalline polymer 
 
The semi-crystalline material exhibits two types of demixing during the phase 
inversion process; namely, liquid-liquid demixing and solid-liquid demixing 
(crystallization), which subsequently determine the membrane characteristics. 
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In the rapid phase inversion process, liquid-liquid demixing usually dominates 
and produces membranes with a relatively dense skin layer and a cellular 
network structure with macrovoids. Conversely, solid-liquid demixing 
dominates when a slow phase inversion rate occurs. In this case, a macrovoid-
free, sponge-like porous membrane with interlinked spherulitic crystal 
structure is obtained [36, 37]. Figure 2.4 illisutates a hypothetic phase diagram 




Figure 2.4 Hypothetic phase diagram of semi-crystalline polymers proposed 
by Mulder [38] 
 
In general, solid-liquid demixing preferentially occurs at high polymer 
concentrations, while liquid-liquid demixing predominantly takes place at 
moderate polymer and non-solvent concentrations. In addition, both liquid-
liquid and solid-liquid demixing coexist in the shaded area as indicated in 
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Figure 2.4. In fact, the actual phase diagram varies depending on the solvent 
and non-solvent type as well as the composition of polymer solution [39, 40]. 
Nevertheless, kinetic plays a vital role during the actual demixing process, 
while phase diagram only portrays the thermodynamically equilibrium 
between polymer, solvent and non-solvent system [41]. It is possible that the 
demixing process switches from thermodynamically to kinetically favored if 
the occurrence time is reasonably short. 
 
2.5 Hollow fiber spinning 
 
The membranes fabricated in a hollow fiber configuration possess several 
advantages over the flat membranes in pervaporation such as: higher packing 
density, self-supporting structure and self-containing vacuum channel if the 
shell feed mode is applied [2, 35]. The hollow fiber spinning comprises a large 
number of control parameters throughout the entire chain of dope formulation, 
coagulation chemistry, and spinneret design to the spinning parameters such as 





Figure 2.5 Schematic of hollow fiber spinning process 
 
After being extruded from the spinneret, the internal surface of the nascent 
fiber is in direct contact with the bore fluid and thus, the coagulation at the 
lumen side of the nascent fiber starts to occur. Thereafter, the nascent fiber is 
extruded through an air gap where the partial coagulation of the membrane 
outer surface starts as a result of the humidity presence in the air. The whole 
phase inversion process is completed once the nascent fiber reaches the 
external coagulation bath. The position of the selective layer of the as–spun 
fiber can be adjusted by varying the bore fluid and the external coagulant 
solutions. 
 
The complexity increases as the spinning method advances from the single-
layer to the dual-layer hollow fibers that possess the advantages of cost 
reduction as well as to provide a higher degree of freedom for the 
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customization of materials and morphology in both selective and supporting 
layers [42].  
 
2.6 Membrane modules 
 
There are slight differences in the design of pervaporation and vapor 
permeation membrane modules as compared to those used for water treatment 
such as ultrafiltration and reverse osmosis. The volume of the permeate in 
pervaporation or vapor permeation process is much higher than ordinary water 
treatment process. Therefore, the pressure losses at the feed side of vapor 
permeation process have to be minimized in order to maintain the constant 
pressure operating codition. Meanwhile, the feed side pressure losses for 
pervaporation are not critical. However, this may restrict the number of 
applicable stages for multistage arrangements [43]. In addition, the 
components of the module have to be made of thermal and chemical resistance 
materials. 
 
2.6.1 Plate and frame module 
 
The plate and frame module consists of a package of flat sheet membranes 
held together by means of flanges and bolts. It is mainly applied in 
dehydration applications. The building material for the support plate and 
spacer is stainless steel while chemically inert elastomers such as EPDM or 
perfluorinated polymers are used as gasket material [43]. The arrangement of 
the membranes in the module is usually in parallel flow of the feed. The plate 
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and frame module has the lowest membrane surface are per module volume. 
 
2.6.2 Spiral-wound module 
 
The spiral-wound modules with stainless steel central tube are mainly used for 
hydrophobic pervaporation that has a lower permeate volume as compared to 
hydrophilic pervaporation due to the removal of larger molecular substances 
through the membrane [43]. The module consists of a sandwich of flat sheet 
membranes to form an envelope enclosing a separator/spacer in between to 
provide mechanical strength. The envelope is then wound around a central 
collecting tube. Since the hydrophobic pervaporation is generally operate at 
lower temperature and lower concentration of solvents in feed mixture, 
polymeric materials can be used as spacer or glue in the module fabrication 
[43]. The spiral-wound module has higher membrane surface are per module 
volume as compared to plate and frame module. 
 
2.6.3 Hollow fiber module 
 
A hollow fiber module consists of a pressure vessel packed with large number 
of hollow fibers. This module configuration has not yet found any industrial 
applications in pervaporation or vapor permeation processes. The hollow fiber 
module possesses advantages over the plate and frame module as well as 
spiral-wound module in terms of higher packing density, self-supporting 
structure and self-containing vacuum channel if the shell feed mode is applied 
[2, 35]. However, a robust potting material with high temperature and 
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The monomer 4 4’-(hexafluoroisopropylidene) diphthalic anhydride (6FDA) 
provided by Clariant (Germany) was purified via vacuum sublimation prior to 
use while 3,3'-Dihydroxybenzidine diamine (HAB) purchased from Tokyo 
Chemical Industry (Japan) was used as received. The chemical structures of 








Cellulose triacetate (CTA, CA-436-80S) was provided by Eastman Chemical 
Company, polyvinylidene fluoride polymer (PVDF, Kynar HSV 900) was 
obtained from Arkema Inc, commercial available polyetherimide (PEI, Ultem
®
 




was purchased from Solvay Advanced Polymers and co-polyimide of 
3 3’4 4’benzophenone tetracarboxy icdianhydride and 80% 
methylphenylenediamine + 20% methylenediamine known as P84
®
 was 
acquired from HP Polymer GmbH. In addition, co-polyimide of 6FDA-HAB-
BisAHPF (PI) was synthesized via chemical imidization route in our 
laboratory and the detailed synthesizing method was documented in our 
previous study [1]. All the polymers were vacuum dried overnight prior to 
dope preparation and the chemical structures of all the polymers are presented 




N-Methyl-2-pyrrolidone (NMP, analytical grade, Merck), dimethylformamide 
(DMF, HPLC grade, Fisher Scientific), acetone (analytical grade, Fisher 
Scientific) and tetrahydrofuran (THF, ≥99 99%  Fisher Scientific) were 
employed as solvents to dissolve the polymers. Methanol (technical grade) and 
n-hexane (technical grade) were used in solvent exchange process. Ethanol 
(analytical grade, Merck), isopropanol (analytical grade, Fisher Scientific), n-
butanol (analytical grade, Merck), acetone (analytical grade, Fisher Scientific) 
and deionized water were used to prepare the feed mixture for pervaporation 
















3.2 Synthesis and preparation of thermally rearranged 
polybenzoxazole (PBO) membrane 
 
3.2.1 Polymer syntheses 
 
Equimolar amounts of 6FDA and HAB were first dissolved in purified NMP 
under an inert atmosphere. The reaction was then carried out for more than 3 
hrs to form a viscous solution of poly(amic acid). Subsequently, acetic 
anhydride and pyridine which served as dehydration agent and catalyst, 
respectively, were added into the solution to convert the poly(amic acid) into a 
polyimide. The solution was further stirred for more than 12 hrs to ensure the 
complete imidization of the poly(amic acid). The reaction scheme is shown in 
Figure 3.3. Since the diamine monomer is of bis-aminophenol, acetylation 
took place when acetic anhydride was added. As shown in Figure 3.3, the 
hydroxyl groups in the poly(amic acid) reacted with acetic anhydride to form 
the acetate functional group. The resultant acetate-containing polyimide 
solution was precipitated in methanol, washed and dried prior to use. 
 
3.2.2 Preparation of dense acetate-containing polyimide membrane 
 
A 3 wt% of polymer solution was prepared by dissolving the synthesized 
polyimide into DMF. The solution was filtered using 1 µm PTFE syringe filter 
and cast on a glass petri dish. The as-cast solution was dried at 80 °C for one 
day to allow slow evaporation of solvent. The formed membrane was 
subsequently peeled off and further dried in a vacuum oven to completely 
 52 
remove the residual solvent with the following heating protocol: hold at 75 °C 
for 1 hr, increase to 200 °C at the ramping rate of 25 °C/hr, hold at 200 °C 
overnight and cool down naturally. The thickness of the dense polyimide 
membrane was measured by a Mitutoyo micrometer. Membranes with a 




Figure 3.3 Reaction scheme of the polymerization of acetate-containing 
polyimide and its thermal rearrangement reaction 
 
3.2.3 Thermal rearrangement (TR) 
 
The acetate-containing polyimide membrane was placed in a Lenton 
horizontal vacuum tube furnace Model VTF 12/50/550 (vacuum level: ~ 10
-6
 
mbar) and converted to a polybenzoxazole by thermal treatment at 400, 425 



























































3.3 Preparation of flat dense and asymmetric PVDF membranes 
 
3.3.1 Flat dense PVDF membranes 
 
First, the PVDF polymer was dissolved in selected solvent to form a solution. 
The solution was then stirred at selected temperature overnight to ensure 
complete dissolution of polymer and followed by degassing overnight. Then, 
the polymer solution was cast onto a glass plate by a 250 µm casting knife. 
The as-cast membrane on the glass plate was transferred into a hotplate and 
kept for 24 hrs to gradually evaporate the solvent. Then, the resultant film was 
peeled off and the thickness of dense flat membranes was measured by a 
Mitutoyo micrometer. 
 
3.3.2 Flat asymmetric PVDF membranes 
 
In order to fabricate a defect-free asymmetric membrane with a dense skin 
layer for gas separation and pervaporation, a polymer dope with an equal or 
higher than critical concentration is normally required to induce polymer chain 
entanglement and to minimize micro-defects [2]. Sukitpaneenit and Chung [3] 
reported earlier that the critical concentration of Kynar
®
 HSV 900 
PVDF/NMP system was 13 wt%. Therefore, the aforementioned polymer 
concentration was chosen to fabricate asymmetric PVDF membranes.  
 
The polymer dope was prepared by dissolving PVDF powder in NMP solvent 
with or without addition of latent solvent mixture at a certain composition. 
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The solution was first stirred under room temperature for 2-3 hrs and then 
heated at overnight to ensure complete dissolution of polymer powder. Next, 
the dope was allowed to degas overnight before the casting process. Thereafter, 
the dope was cast on a glass plate by using a 250 µm casting knife. The 
nascent membrane together with the glass plate was placed in a drying oven at 
a controlled temperature (i.e. 40, 60, 80 or 100 ºC) for 20 mins for the 
evaporation of volatile latent solvents to stimulate the formation of a dense 
skin layer before immersing into a water coagulation bath at room temperature. 
The as-cast membrane was then solvent exchanged in water for 3 days in order 
to completely remove the residual solvents. Finally, the membrane was frozen 
in a refrigerator for 3 hrs before being dried in a freeze-dryer (Thermo 
Electron Co. Modulyo D-230) overnight. 
 
3.4 Dual-layer hollow fiber spinning 
 
The polymer was gradually added to the solvent under a continuous stirring 
condition and stirred for 24 hrs to obtain a homogeneous solution. Thereafter, 
the dope solutions were poured in ISCO syringe pumps and degassed 
overnight prior to hollow fiber spinning. 
 
The dual-layer hollow fibers were fabricated via dry-jet wet-spinning by co-
extrusion of both outer-layer and inner-layer polymer dopes as well as bore 
fluid through a triple orifice spinneret by means of the immiscibility induced 
phase separation (I
2
PS) process. The polymer solutions and bore fluid were 
extruded through an air gap distance before entering an external coagulation 
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bath. A take up roller was used to harvest the as-spun fibers. The pilot scale 
hollow fiber spinning setup was supplied by Motianmo Technology Ltd. 
Company, Tianjin, China and the schematic of the hollow fiber spinning setup 




Figure 3.4 Schematic of the pilot scale hollow fiber spinning setup 
 
The as-spun fibers were immersed in water for two days to ensure complete 
removal of the residual solvent from the as-spun fibers. All the fibers were 
then solvent exchanged by three consecutive immersions in methanol for 30 
mins followed by n-hexane with the identical protocol. Finally, the fibers were 
air dried at room temperature and stored prior to performance evaluation. 
 




The chemical structure of the synthesized polymer was confirmed by proton 
nuclear magnetic resonance (
1
H NMR) using Bruker Avance 300 (AV300) at 
a resonance frequency of 300 MHz and DMSO-d6 as the solvent.  
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3.6 Gel permeation chromatography (GPC) 
 
The molecular weight of the synthesized polymer was characterized by gel 
permeation chromatography (GPC) which comprises of a Waters 1515 
isocratic HPLC pump, a Waters 717 plus auto-sampler and a Waters 2414 
refractive index detector. Polystyrene standards were used for calibration and 
THF was used as the solvent with the testing temperature of 35 °C. 
 
3.7 Thermogravimetric analysis (TGA) 
 
The conversion of the polyimide precursor to the polybenzoxazole was 
analyzed by thermogravimetric analysis (TGA) with a TGA 2050 
Thermogravimetric Analyzer (TA Instruments). The heating protocol of TGA 
was identical to that of the thermal rearrangement process with an N2 purging 
at 100 ml/min. The conversion rate was estimated using Eq. 3.1 by assuming 
the inert environment created by N2 purging and vacuum condition is identical: 
Conversion (%) = 
Weight loss measured by TGA
Theoretical weight loss for thermal rearrangement process
  (3.1)        
 
 
3.8 Sorption/swelling analyses 
 
The dense membranes were cut into different shapes and sizes of stripes for 
the sorption study. The stripes were first dried under vacuum overnight and 
weighed. Then, the pre-weighed dry membrane stripes were immersed in the 
designated solvents. The swollen stripes were taken out at different time 
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intervals, blotted with Accuwipe
®
 delicate task wipers to remove residual 
solvents on the stripes and weighed in a closed container using a digital 
microbalance. The sorption tests were repeated until the equilibrium sorption 
was achieved (i.e., no further significant change in the weight of swollen 
membranes). The degree of swelling ( swelD ) was calculated from the weight 
difference between the wet swollen membranes ( wetM ) after equilibrium and 
the original dry membranes ( dryM ).  






        (3.2) 
 
3.9 Ternary phase diagram 
 
Polymer solutions were prepared in glass bottles with a series of different 
polymer weight percentages at room temperature (25 °C). A non-solvent (i.e., 
water in this study) was gradually added to each solution.  After the addition 
of certain amount of non-solvent, phase separation could be observed with the 
formation of precipitates or gels. However, at the earlier stage, the solutions 
could turn into its original clarity with a longer stirring time. Hence, the 
addition of non-solvent was only stopped if the precipitation or gel formation 
in the solution could no longer disappear after 1 week of stirring. From the 
final weight of solution, the amount of non-solvent added could be determined 
and later was used to construct the triangular phase diagram that consists of 
solvent, polymer and non-solvent axis. 
 
3.10 Phase inversion kinetics 
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The phase inversion kinetic was investigated through light transmittance 
experiments with the aid of a UV–Vis scanning spectrophotometer (Libra S32, 
Biochrom Ltd., England) at the transmittance wavelength of 600 nm where 
water has no absorbance at this wavelength [4]. The polymer dopes were cast 
on a g ass p ate by a 250 μm casting knife and the nascent membranes were 
immediately immersed into a plastic cuvette filled with deionized water 











                                  (3.3)
   
 
Where Tnorm is the normalized transmittance, Tmin is the minimum 
transmittance and Tmax is the maximum transmittance. 
 
3.11 Membrane characterizations 
 
3.11.1 Field emission scanning electron microscopy (FESEM) 
 
The morphology of membranes was observed by using a field emission 
scanning electron microscopy (FESEM JEOL JSM-6700LV). The samples 
were prepared by fracturing the membrane in liquid nitrogen and then coated 
with platinum using a sputtering coater (JEOL LFC-1300). 
 
3.11.2 Atomic force microscopy (AFM) 
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The surface morphology of membranes was analyzed by using a Nanoscope 
IIIa atomic force microscopy (AFM) equipped with 1533D scanner (Digital 
Instruments, California, USA). A tapping mode was operated on the samples 
in air at room temperature with the image scanning size of 10 μm x 10 μm  
Various parameters such as mean surface roughness (Ra) and the root mean 
square of Z values (Rms) were used to qualitatively compare the surface 
roughness of the membranes as these parameters are dependent on the 
treatment of the captured data such as flattening [5]. 
 
3.11.3 Fourier Transform Infrared Spectroscopy (FTIR) 
 
Fourier Transform Infrared Spectroscopy (FTIR) was used to identify the 
presence of functional groups in the membranes. An attenuated total 
reflectance (ATR) mode was applied using Bio-Rad FTIR FTS 135 over the 
range of 400-4000 cm
-1
 with the total 32 scans for each sample.  
 
3.11.4 X-ray diffractometer (XRD) 
 
The crystalline phase and intersegmental distances (d-spacing) of the 
membranes were characterized and compared by using a X-ray diffractometer 
(XRD) Bruker D8 series, GADDS (General Area Detector Diffraction system) 
at room temperature with CuKα as the radiation source (λ= 1 54 Å)   he 
intensity was set at 40  V and 30m  with a scanning range of 10º < 2θ < 45º  
The average d-spacing of the membranes was determined based on the 
 ragg’s  aw as shown in Eq  3 4  
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 2 sinn d                                                (3.4) 
 
where n is an integra  number (1  2  3 …)  λ represents the X-ray wavelength, 
d indicates the inter-segmenta  spacing between po ymer chains and θ denotes 
the diffraction angle. 
 
3.11.5 Differential scanning calorimeter (DSC) 
 
The melting curve of the PVDF membranes was obtained from a Mettler 
Toledo differential scanning calorimeter (DSC822
e
) heated from 40 ºC to 200 
ºC at a rate of 10ºC/min with nitrogen purge. The crystallinity of the 
membrane was further determined by dividing fusion enthalpy (
fH ) of 
sample obtained from melting curve to fusion enthalpy ( *
fH ) of fully 
crystalline PVDF. The fusion enthalpy ( *
fH ) of fully crystalline PVDF was 
assumed as 105 J/g [6]. 








                                      (3.5)  
 
3.11.6 Positron annihilation spectroscopy (PAS) 
 
Slow beam positron annihilation spectroscopy (PAS) with the radioisotope of 
22
Na (50 mCi) as the positron source was used to probe the depth profile of the 
membranes. The Doppler broadening energy spectra (DBES) were recorded 
using a high purity germanium detector (HPGe) at a counting rate of 
approximately 1100 cps with the total count of 1 million for each spectrum. 
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The DBES spectra were characterized by R parameter as a function of positron 
implantation energy ranging from 0.1 keV to 10 keV and the implantation 
depth for each sample can be correlated by the following equation [7-10]: 
1.640( )Z E E

                                                  (3.6) 
 
where Z is the average implantation depth in nm, ρ is the density of the 
polymer material in g/cm
3
 and E+ denotes the incident positron energy in keV. 
The R-parameter provides the information regarding the relative amount of 
 arge cavities in the range of nm to μm as the function of depth profi e [7-10] 
which can be defined as the ratio of the total counts from valley regions with 
an energy width between 364.2 keV and 496.2 keV (due to 3γ annihilation) to 
the total counts from the 511 keV peak region with a width between 504.35 
keV and 517.65 keV (due to 2γ annihilation). 
 
3.11.7 Density and porosity of the membranes 
 
The densities of the membranes ( membrane ) were measured based on the 
 rchimedes’s princip e using a Mett er  o edo ba ance and a density  it with 












airW and liquidW  are the weights of the membrane in air and liquid, 
respectively. liquid is the density of the liquid used in this experiment and 
ethanol is used as the liquid in the present measurement.  
 
On the other hand, porosity of the membranes was determined by 
impregnating the membranes with kerosene for 2 days. Prior to impregnation, 
the membrane stripes were weighed for its initial weight. After 2 days, the 
impregnated membranes were then blotted with Accuwipe
®
 delicate task 
wipers to remove residual kerosene on the surface and weighed using a digital 
microbalance. For each casting condition, three samples were employed and 
the average value was taken for the porosity calculation. The membrane 
porosity (ε) is defined as pore vo ume divided by the tota  vo ume of the 
membrane by assuming all the pores in the membrane were completely filled 















                       (3.8) 
 
where wW is the weight of the kerosene-impregnated membrane, dW  is the 









3.11.8 Mechanical properties 
 
The mechanical properties of the membranes were determined by using 
Instron 5542 tensile testing equipment.  The flat membranes were cut into 
stripes of 5 mm wide and clamped at the both ends with an initial gauge length 
of 25 mm and testing rate of 10 mm/min. At least three stripes were tested for 
each casting condition to obtain the average values of tensile stress, extension 
at brea  and Young’s modu us of the membranes  
 
3.11.9 Determination of average pore diameter and effective surface porosity 
by gas permeation 
 
The average pore diameter and effective surface porosity of asymmetric 
membranes were determined by using the single gas permeation technique as 
reported by Yasuda and Tsai [11]. Pure nitrogen was utilized as the standard 
gas for permeation experiments using an isochoric permeation cell at room 




of nitrogen was then calculated from the slope of pressure on the permeation 
















                                 (3.9) 
 
where V is the volume of the downstream chamber, A is the effective area of 
the film, Pu is the pressure of nitrogen at the upstream chamber, T is the 
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absolute temperature of the measurement, and dp/dt is the rate of pressure 
measured by the pressure transducer in the low-pressure downstream chamber. 
 
By assuming only Knudsen and Poiseuille flow occurred and pores in the skin 
layer were cylindrical pores, the gas permeance ( G ) and mean pressure ( mP ) 
across the membrane can be correlated by [13]:   













                          (3.10) 
 
and Eq. 3.10 can be further simplified to: 
o o mG I S P                                                 (3.11) 
 
By plotting permeance of nitrogen toward different mean pressures, the 
average pore radius (r) and effective surface porosity ( s


) can be estimated 
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r

                                            (3.13) 
 
where R is the universal gas constant, T is the absolute temperature, M is the 
molecular weight of standard gas, 
 g
  is the viscosity of standard gas and   
is the effective length of the pores. The average pore diameter was taken as 
twofold of average pore radius. 
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3.12 Pervaporation studies 
 
3.12.1 Pervaporation setup for flat membranes 
 
The pervaporation experiments for flat membranes were carried out using a 
static pervaporation tube as well as pervaporation setup supplied by Sulzer 
Chemtech GmbH. The detailed design of the static pervaporation tube is 
shown in Figure 3.5 [14]. A 300 ml of feed mixture was supplied into the 
pervaporation tube and the experiments were performed at room temperature 
under stirring condition to eliminate concentration polarization effects.  
 
On the other hand, the description of the setup supplied by Sulzer Chemtech 
GmbH was described elsewhere [15]. A 2 l of feed mixture was used in this 
setup and the mixture was heated by a temperature-controlled heating bath 
with two thermocouples placed in both inlet and outlet of the permeation cell. 








3.12.2 Pervaporation setup for hollow fiber membranes 
 
The pervaporation experiments were carried out in a hollow fiber 
pervaporation setup shown in Figure 3.6 [16]. A 2 l of feed mixture was used 
in this setup and the setup was able to run 4 hollow fiber modules concurrently. 
The feed solvent mixture was circulated in the shell side of the fiber at the 
flow rate of 0.5 L/min for each module and the feed temperature was 








3.12.3 Samples collection and analyses 
 
The downstream pressure was maintained less than 1 mbar throughout 
experiments and the system was stabilized for 1-2 hours to ensure the steady 
state condition before the sample collection was carried out. The permeate 
samples were then collected by a cold trap immersed in the liquid nitrogen at a 
certain time interval. Permeate samples were weighed by a digital balance to 
determine their fluxes (J), while the sample compositions were further 
analyzed by an Agilent Technologies GC system 7890A gas chromatography 
equipped with a HP-INNOWAX column (packed with cross-linked 
polyethylene glycol) and a thermal conductivity detector (TCD). The feed 
concentration varied less than 1 wt% throughout the experiment and therefore, 
it can be considered as constant due to the large quantity of feed solution as 
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A PROSPECTIVE STUDY ON THE APPLICATION OF THERMALLY 
REARRANGED HYDROXYL-POLYIMIDE MEMBRANE IN 




The depletion of fossil energy and the increment of global warming awareness 
have led to the diverse exploration on alternative energy derived from 
renewable and sustainable resources in order to a  eviate the society’s strong 
reliance on fossil energy. Bioalcohols (such as bioethanol and biobutanol) 
produced from biological fermentation have been regarded as a promising 
candidate to replace fossil fuel, predominantly in the transportation sector. As 
a result, bioethanol was produced in large scale and the global production of 
fuel grade bioethanol has risen from 30.8 billion liters to 67 billion liters from 
year 2004 to 2008 with both Brazil and United States as the primary producers 
[1]. Since the yield of fermented products is relatively low, the majority of 
production costs for fuel grade bioalcohols lie on the separation and 
purification process in downstream processes [2]. In the case of bioethanol, 
the purity of the final product has to reach ≥ 98 7 wt% (99 vo %) in order to 
comply with the fuel grade ethanol standard (D4806) guideline provided by 
American Society for Testing and Materials (ASTM) [3]. 
 
Distillation is the most common unit operation used to separate multi-
component mixtures in chemical processes and the separation principle is 
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based on the relative volatilities among the components present in the mixture. 
However, this process often involves large scale equipment in addition to its 
energy intensive nature [4]. Moreover, the separation efficiency of distillation 
processes is always limited by the thermodynamic vapor-liquid equilibrium 
(VLE) [4]. Owing to the formation of azeotropic mixtures, conventional 
distillation process alone is unable to directly produce fuel grade alcohols. 
Thus, ternary distillation, vacuum distillation and molecular sieve sorption are 
often used to overcome the limitation of azeotropic mixtures in dehydration of 
bioalcohols [3]. 
 
Membrane technology has been identified as an emerging separation process 
in chemical, biochemical and food industries. Pervaporation process is a 
membrane based process whereby the feed mixture (in a liquid form) is 
contacted at the one side of the membrane while either a vacuum or a sweep 
gas is applied at the permeate side of the membrane. Since its separation 
efficiency predominantly relies on the preferential sorption and diffusion of 
the selected species through the membrane, it has been considered as a 
prospective approach to outperform conventional separation technologies [5]. 
Since it is unbound by the limitation of thermodynamic VLE, this makes 
pervaporation a rate process rather than an equilibrium process. In terms of 
energy consumption, only latent heat is required for the separation to occur [6]. 
Besides, the aforementioned membrane technology offers a smaller footprint 
coupled with flexibility and simplicity in terms of process control and module 
fabrication [7]. As a result, pervaporation process has been widely used in the 
separation of various liquid mixtures such as azeotropic mixtures, solutions 
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with similar boiling point, thermal sensitive compounds, organic-organic 
mixtures as well as the removal of dilute organic species from wastewater [6-
13]. 
 
Polymer remains as the most versatile and feasible material among diverse 
choices of membrane materials. This is due to its ease of fabrication as well as 
the relatively low production cost as compared to inorganic membranes. The 
polymeric membrane materials used in dehydration of biofuels and solvents 
have been extensively reviewed by Jiang et al., Semenova et al. and Chapman 
et al. [7, 8, 12]. Given that the dehydration of biofuels and solvents by the 
membrane pervaporation process occurs via solution diffusion mechanism, 
hydrophilic polymers such as poly(vinyl alcohol), chitosan and alginate would 
greatly enhance the solubility selectivity of water towards the membrane by 
hydrogen bond interactions [8, 14]. One the contrast, glassy polymers such as 
rigid and stiff polyimides and polyamides would improve the diffusivity 
selectivity because water molecules are generally smaller than organics 
molecules.  
 
Polybenzoxazole (PBO) is a superior class of glassy polymers. It comprises 
rigid-rod structure that shows excellent thermal and chemical stability [15-17]. 
These properties have enabled it to become a very promising material for 
dehydration of biofuels via pervaporation. The membrane fabricated from 
PBO is expected to be able to withstand the aggressive operation environment 
such as high temperature and swelling in vapor permeation and pervaporation 
modes. In spite of all the aforementioned advantages, the high chemical 
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resistance nature of PBO has made it difficult to be dissolved in common 
solvents and subsequently hard to be fabricated into membranes [16]. Tullos 
and Mathias were the pioneers reporting an alternative method to produce 
polybenzoxazoles from polyimide precursors.  If the polyimide consists of a 
hydroxyl group in the ortho-position to the heterocyclic imide nitrogen group, 
it can undergo chain rearrangement and convert to be a benzoxazole upon 
thermal treatment at a temperature above 400 °C in an inert atmosphere with 
the evolution of carbon dioxide molecules [15, 16]. 
 
The application of polybenzoxazole films in gas separation was reported by 
Park et al. [18]. The polybenzoxazole membranes fabricated via thermal 
rearrangement process acquire superior performance in the separation of 
CO2/CH4 gas pair which surpasses the Robeson’s Upper  ound [18]. The solid 
state conversion of hydroxyl-polyimide to polybenzoxazole via thermal 
rearrangement process was believed to increase the mean cavities size and 
alter the free volume elements that lead to impressive performance in gas 
separation. Series of researches on thermally rearranged (TR) polymer 
membrane were subsequently reported as the continuation of the 
aforementioned pioneer study on gas separation [19-22]. Choi et al. studied 
the thermal rearrangement of polyimide precursors consisting of hydroxyl and 
amino groups and reported the gas separation performance of the resultant 
poly(benzoxaole-co-pyrrolone) surpassing polybenzoxaole and polypyrrolone 
(PPO) homopolymers [20]. In addition, the thermally rearranged 
polybenzoxaole membranes for gas separation derived from 
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poly(hydroxyamide amic acid) and polyhydroxyamide (PHA) precursors were 
reported [23, 24]. 
 
The present research aims to explore the feasibility of thermally rearranged 
polymers in dehydration of biofuels via pervaporation process. A polyimide 
precursor which consists of acetate group in the ortho-position to the imide 
nitrogen was synthesized, cast into dense films and subjected to thermal 
rearrangement reaction in order to form polybenzoxazole films at different 
temperatures and durations. This pioneer study elucidates the effects of 
thermal rearrangement temperature and dwell duration on the resultant films 
for the dehydration of biofuels via pervaporation process. In addition, the feed 
composition (in the alcohol concentration range of 85-95wt%) and the 
operating temperature (in the range of 25-80°C) were varied and 
systematically examined during experiments. Besides, the long-term stability 
and pervaporation performance of the thermally rearranged membranes were 
investigated. 
 
4.2 Results and Discussion 
 
4.2.1 Characterizations  
 
The synthesized polyimide precursor showed an inherent viscosity (NMP, 25 
ºC) of 1.2 dL/g. Gel permeation chromatography (GPC) analyses in 
tetrahydrofuran (THF) indicate that the polyimide precursor owns a weight-
average molar mass (Mw) of 330 000 g/mol and a polydispersity (Mw/Mn) of 
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1.9. In addition, the structure of the precursor polymer is confirmed by 
1
H 
NMR (DMSO-d6, 300 MHz): 2.16 (6 H), 7.67 (4 H), 7.77 (2 H), 7.86 (2 H), 
7.99 (2 H) and 8.21 (2 H) and its spectrum is portrayed in Figure 4.1. There 
are almost no –OH bonding detected. This indicates that almost all –OH 






H NMR (DMSO-d6, 300 MHz) spectrum of polyimide precursor 
 
The alteration in chemical structure of the membranes before and after thermal 
rearrangement was investigated by FTIR-ATR. Figure 4.2 depicts the FTIR-
ATR spectra of the polyimide precursor and the thermally converted 
polybenzoxazole membrane treated at 450 ºC for 1 hr with the characteristic 
peak representing C–F at 1242 cm-1 as the reference peak. The polyimide 
precursor exhibits the characteristic peaks near 1717 and 1767 cm
-1
 which are 
mainly attributed to the respective asymmetric and symmetric stretching of 
C=O in the imide ring [25, 26].  
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The characteristic peak around 1366 cm
-1
 is due to C-N axial stretching of the 
imide group [25, 26]. Conversely, the intensities of the characteristic peaks for 
the imide structure reduce while the distinct peaks represent the benzoxazole 
group become clearly visible after the thermal rearrangement. This implies 
that the imide groups have been converted to the benzoxazole structure via 
thermal rearrangement. As referring to Figure 4.2, the characteristic peaks 
around 1030, 1470 and 1547 cm
-1
 are subjected to the stretching and vibration 
of the benzoxazole ring [21, 23, 24].  
 
 





The conversion of imide to benzoxazole is estimated by assuming that the 
inert environment created by vacuum in the actual thermal rearrangement 
process and N2 purging in TGA are identical and there is no significant 




Figure 4.3 TGA thermograms of polyimide precursors under the thermal 
rearrangement reaction 
 
As shown in Figure 4.3, the weight loss of the samples is more sensitive 
towards the temperature for thermal rearrangement as compared to the 
dwelling period. This phenomenon implies that the thermal rearrangement 
temperature has a larger impact to the conversion as compared to the dwelling 
time. The estimated conversions of polyimide to polybenzoxazole are 
tabulated in Table 4.1 as a function of thermal rearrangement temperature and 
dwelling period. Further increases in thermal arrangement temperature and 
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dwelling period are not recommended due to the possible deterioration of the 
membrane mechanical strength caused by partial carbonization. 
 
Table 4.1 Physical properties of thermally rearranged membranes and 
polyimide precursor at 25°C 
 
 
The estimated d-spacing values of the polyimide precursor and the thermally 
rearranged membranes are calculated from their diffraction angles and 
tabulated in Table 4.1. The d-spacing is gradually shifted to a lower diffraction 
angle region as thermal rearrangement temperature and dwelling period 
ascend. This indicates that the inter-chain distance increase upon the thermal 
rearrangement process. A larger d-spacing is known to facilitate the diffusion 
of small molecules and enhanced the permeation flux [27]. In addition, as 
shown in the same Table, the density of the membranes decreases with 
increasing thermal rearrangement temperature. Since density has a strong 
correlation with the free volume of a membrane (i.e., the lower the density, the 
higher the free volume) [19, 21, 22, 28], we postulate that the membranes 






Figure 4.4 Physical and mechanical properties of thermally rearranged 
membranes 
 
The physical appearance of the polyimide precursor and the thermally 
rearranged membranes annealed at different temperatures is portrayed in 
Figure 4.4. The color of the membrane changes from light yellow to dark 
brown when the annealing temperature ascends from 400 to 450 °C. Besides, 
the resultant membranes remain their tough and flexible characteristics. It is 
worthwhile to mention that the annealing temperature also has a significant 
impact on the physical dimension of the membranes. In general, all 
membranes suffer dimension shrinkage of around 10% after the thermal 
rearrangement process. In contrast, the average thickness of the membranes 
increases from 18% to 24% as the membranes are subjected to thermal 
rearrangement from 400 to 450 °C for 30 min as shown in Table 4.1. 
Furthermore, the thickness of membranes almost reaches a plateau when the 
polyimide precursor is further annealed at 450 ºC for 1 hr. This non-
equilibrium nature may be attributed to the thermal expansion as well as the 
increment of chain mobility at high temperatures as reported by Shao et al. 
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[29]. In our case, the occurrence of chain rearrangement may be another factor 
that contributes to the increment of membrane thickness.  
 
4.2.2 Solvent uptake analyses 
 
The amounts of solvent uptake provide essential information about the affinity 
of organic species and water towards the membrane material. The solvent 
uptakes are characterized by the weight gains due to the sorption of tested 
solvents. Figure 4.5 shows a comparison of weight gains after one-month 
equilibration of the polyimide precursor films and the membranes thermally 
treated at 450 °C for 1 hr in four major solvents: n-butanol, ethanol, 




Figure 4.5 Solvent up-take analysis for thermally rearranged membranes (TR-
450°C-1 hr) and its polyimide precursor (equilibrated for 1 month at 25 °C) 
 
 81 
The degree of solvent uptake for the polyimide precursor follows the order of 
ethanol > water > n-butanol > isopropanol. On the contrary, the thermally 
rearranged membranes show a higher affinity towards all the tested organic 
species in the order of ethanol > n-butanol > isopropanol > water. This 
phenomenon can be explained by the emergence of micro-cavities of the 
membranes through the thermal rearrangement that may favor the sorption of 
organic species compared to water as observed by Wang et al. [30] in the 
porous membrane structure. Table 4.1 also indicates that there is no clear trend 
on the hydrophobicity of the thermally treated membranes from the contact 
angle measurements.  
 
4.2.3 Effects of thermal rearrangement temperature and dwelling period on 
pervaporation performance 
 
The dehydration of biofuels was first investigated using an ethanol/water 
(85/15 wt %) system. A starting solvent concentration of 85 wt% was selected 
as the distillation process becomes uneconomic if the solvents concentration 
increases to 85 wt% onwards and pervaporation process may serve as a 
superior candidate to replace the distillation process [31]. As shown in Figure 
4.6, all the thermally rearranged polybenzoxazole membranes exhibit superior 
performance in terms of higher permeation fluxes as compared to their 
polyimide precursor.  
 
The permeation flux increases with an increase in the degree of imide 
conversion to the benzoxazole group. This observed phenomenon is in 
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accordance with our previous postulation that an increase in free volume in the 
thermally rearranged membranes would facilitate the permeation of small 
molecules through the membranes. In this regards, small water molecules may 





Figure 4.6 Pervaporation performance of thermally rearranged membrane and 
its precursor as the function of annealing temperature and duration 
 
On the other hand, the high fractional free volume of thermally arranged 
membranes show decreased water/ethanol selectivity as compared to the 
polyimide precursor as shown in Figure 4.6. This is due to the fact that a large 
free volume and big d-spacing favor the diffusion of ethanol molecules 
through the membrane and thus reduce membrane efficiency in discriminating 
molecules with different sizes. In addition, the solvent uptake analyses show 
that the thermally converted membranes have higher affinity towards organic 
solvents as compared to water. This suggests that the diffusivity selectivity is 
the dominant separation mechanism for thermally rearranged membranes as 
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observed in previous studies for gas separation [21, 22, 24]. It is interesting to 
note that the pervaporation performance of membranes thermally rearranged at 
450 °C for 30 min and 1 hr are similar, indicating that the thermal 
rearrangement temperature plays a greater role in determining pervaporation 
performance as compared to the holding period. Therefore, the membrane 
treated at 450 ºC for 30 min was chosen for detailed studies in the remaining 
sections. 
 
4.2.4 Effects of feed concentration and type of solvents on pervaporation 
performance 
 
The membrane thermally rearranged at 450 °C for 30 min was then subjected 
to the dehydration of various synthetic aqueous biofuels with different 
concentrations. Table 4.2 lists the physicochemical properties of these biofuels, 
while Figure 4.7 portrays the membrane performance as a function of feed 
concentration during the pervaporation.  
 
In general, all membrane permeation fluxes decrease with an increase in the 
feed solvent concentration. A reduction of feed water concentration would 
lead to the abatement in driving force for water transport. Since the fugacity at 
the permeate side is negligible as vacuum is maintained, the trans-membrane 
flux is mainly determined by the fugacity of the feed side which has strong 
correlation with concentration, activity coefficient and saturated vapor 
pressure of species in the feed side as shown in Table 4.3.  
 
 84 





Figure 4.7 Pervaporation performance of thermally rearranged membranes 
(TR-450°C-0.5 hr) as a function of feed concentration in dehydration of 








Table 4.3 Thermodynamic properties of pervaporation feed mixtures as a 
function of alcohol concentration 
 
 
Therefore, the total permeation flux follows the trend of ethanol/water system > 
isopropanol/water system > n-butanol/water system. This order is in 
agreement with the total driving force of the respective feed system as well as 
the reverse order of biofuel molecule sizes. On the contrast, the separation 
efficiency in terms of permeate’s water concentration fo  ows the trend of 
isopropano /water system ≈ n-butanol/water system > ethanol/water system.  
 
The permeation flux and separation efficiency of the membranes are 
subsequently converted into permeability and selectivity to decouple the effect 
of operating conditions in order to evaluate the intrinsic performance of all 





Figure 4.8 Permeability and selectivity of thermally rearranged membrane 
(TR-450°C-0.5hr) as a function of feed concentration in dehydration of 
ethanol, isopropanol and n-butanol at 25°C 
 
As shown in Figure 4.8, the water permeability of the membranes follows a 
similar trend with the permeation flux for both ethanol/water and 
isopropanol/water systems while there are no significant changes in water 
permeability for n-butanol/water system. On the other hand, the solvent 
permeability shows a decreasing trend of ethanol/water system >> n-
butanol/water system > isopropanol/water system.  It is believed that the 
swelling effect caused by the ethanol/water system leads to the enlargement of 
polymer chains and thus increases the ethanol permeability. The reduction in 
water permeability may be associated with the increase in ethanol 
concentration in the feed side. On the contrary, both solvent and water 
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permeability of n-butanol/water and isopropanol/water systems are almost 
constant throughout all the tested feed concentrations.  
 
It is worth noting that the difference in hydrophilicity, kinetic diameter as well 
as dynamic cross section of the permeating molecules may also play important 
roles in determining the separation performance of the membranes. As 
depicted in Table 4.2, ethanol which has a smaller kinetic diameter and 
dynamic cross section is preferentially permeated through the thermally 
rearranged polybenzoxazole membrane as compared to isopropanol and n-
butanol. In addition, ethanol may form clusters with water and transport 
together through the membrane since it is relatively more hydrophilic than 
isopropanol and n-butanol [6]. Hence, these coupling effects reduce the 
efficiency of separation via size exclusion and deteriorate the membrane 
ability to dehydrate ethanol at high solvent concentrations. Furthermore, the 
branching property of isopropanol facilitates the dehydration of isopropanol as 
compared to n-butanol. Therefore, the mass and mole based selectivity of the 
membranes in dehydrating the solvent mixtures are in the order of 
isopropanol/water > n-butanol/water > ethanol/water pairs. This trend is also 
in agreement with the solvent uptake data as shown in Figure 4.5.  
 
4.2.5 Effects of feed temperature on pervaporation performance 
 
The effects of feed temperature on the dehydration of isopropanol and n-
butanol were then investigated using a fixed feed water concentration of 10 
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Figure 4.9 Performance and permeability of thermally rearranged membranes 
(TR-450°C-0.5 hr) as a function of operating temperature in dehydration of 
isopropanol and n-butanol at feed concentration of solvent/water (90/10 wt%) 
 
For both isopropanol/water and n-butanol/water systems, the permeation 
fluxes increase as the operating temperature ascends from room temperature to 
80 °C and the permeation flux of isopropanol/water shows an exponential 
trend as compared to n-butanol/water, as illustrated in the left of Figure 4.9. 
Nevertheless, by decoupling the permeation flux into permeability, both of the 
systems illustrate a similar declining trend with the operating temperature, as 
illustrated in the right of Figure 4.9. Thus, the sharp increase in feed side 
fugacity for the isopropanol/water system is account for the flux enhancement 






Table 4.4 Thermodynamic properties of pervaporation feed mixtures and 




In addition, the permeability based activation energies ( PE ) for isopropanol, 




P P   
 
                                                      (4.1) 
 
where Po is the pre-exponential factor, R is the universal gas constant, T is the 
operating temperature and PE  
is the apparent activation energy of 
permeability. The PE  
of water for both isopropanol and n-butanol systems is 
estimated in the range of – 24 to – 34 kJ/mol while PE  
of these two solvents is 
in the range of 82 to 89 kJ/mol which further confirms that water is favorably 
transported through the membrane as compared to solvents.  
 
The activation energy of permeability is the summation of both activation 
energy of diffusion ( DE ) as well as enthalpy of sorption ( SH ) of the 
permeating species ( P D SE E H  ) [5] and DE  is usually positive while 
SH is negative due to exothermic sorption. DE  
was reported to have a strong 
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connection to the rigidity and d-spacing of the polymer chain [33]. The 
thermal rearrangement process results in an increment in d-spacing and free 
volume of the polybenzoxazole membranes and thus, lowers the 
DE of water 
which has a relatively smaller molecule size. Therefore, the apparent 
activation energy of permeability for water shows a negative value and vice 
versa for the solvents as their molecule sizes are generally bigger than water. 
On the contrary, the mole-based selectivity of the membranes at various 
operating temperatures tabulated in Table 4.4.  
 
4.2.6 Performance benchmarking and the stability of polybenzoxazole 
membranes 
 
Table 4.5 compares the pervaporation performance of the thermally rearranged 
polybenzoxazole membrane with the pervaporation membranes available in 
the literatures. The permeability of the asymmetric membranes listed in Table 
4.5 was estimated based on the assumption on the dense selective layer 
thic ness of 1 μm   herefore  the intrinsic performance of a   the membranes 
can be systematically compared. The polybenzoxazole membrane shows 
satisfactory water permeability with reasonable selectivity as compared to the 
reported data. It is worthwhile to mention that the membrane with an ultra-
high selectivity may not be as useful as the membrane that owns an ultra-high 
permeance. According to Baker [42], the performance of the membrane will 
fall in the pressure-ratio-limited region if the selectivity of the membrane is 
much larger than the pressure ratio across the membrane. In this case, the 
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membrane with an ultra-high permeance has the potency to reduce the 
operation cost by reducing the membrane area required for the separation. 
 
Table 4.5 Performance benchmarking of the thermally rearranged membrane 





In addition, the long-term performance stability is another vital issue in order 
to make the present membrane material commercially viable. The dehydration 
of aqueous isopropanol and n-butanol was carried out and the permeate 





Figure 4.10 The stability of thermally rearranged membrane (TR-450°C -
0.5hr) in dehydration of isopropanol and n-butanol at 80 °C and feed 
concentration of solvent/water (90/10 wt%) 
 
Figure 4.10 shows that the polybenzoxazole membrane has stable performance 
throughout the monitored period and there is no obvious reduction in either 
permeation flux and separation efficiency signifying the feasibility of the 




This study provides the insight into the fabrication of polybenzoxazole 
membranes through the thermal rearrangement technique and systematically 
explores their prospects in dehydration of biofuels via pervaporation. Hence, 
the following conclusion can be drawn from this study: 
 
 X-ray diffractograms and density measurements based on Archimedes' 
Principle indicates that the d-spacing of the polymer chain and the free 
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volume of the thermally rearranged membrane increases along with the 
increment of thermally rearrangement temperature and dwelling period.  
 Due to the emergence of micro-cavities, the thermally rearranged 
membrane shows a higher affinity towards all the tested organic 
species and follows the order of ethanol > n-butanol > isopropanol > 
water as compared to their pristine polyimide precursor which provides 
the solvent uptake ratio trend of ethanol > water > n-butanol > 
isopropanol. 
 The thermally rearranged polybenzoxazole membranes have a higher 
permeation flux with a reasonable separation performance as compared 
to its polyimide precursor. In addition, thermal rearrangement 
temperature is observed to have a significant impact to the 
pervaporation performance as compared to holding period. 
 Owing to the differences in solvent uptake ratio, kinetic diameter as 
well as dynamic cross section of the permeating molecules, the 
selectivity of thermally rearranged polybenzoxazole membranes in 
dehydrating the solvent mixtures is in the order of isopropanol/water > 
n-butanol/water > ethanol/water systems. However, the total 
permeation flux shows the trend of ethanol/water > isopropanol/water > 
n-butanol/water systems. This order is in agreement with the total 
driving force available in the feed side and the reverse order of solvent 
sizes. 
 The thermally rearranged polybenzoxazole membranes showed a 
stable performance in the dehydration of isopropanol and n-butanol at 
80 °C throughout the monitored period of 250 hrs indicating the 
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feasibility of the aforementioned material in the separation and 
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FUNDAMENTALS OF SEMI-CRYSTALLINE POLY(VINYLIDENE 
FLUORIDE) MEMBRANE FORMATION AND ITS PROSPECTS FOR 





The implementation of biofuel as alternatives for petroleum-derived fuels has 
received worldwide attention due to its advantages to address energy costs, 
energy security, and global warming issues [1]. In comparison to the first 
generation biofuel generated mostly from food crops, the second generation 
biofuel employs feedstock mainly from lignocellulosic materials that exist 
plenty in wood, grasses, or the non-edible parts of plants. In this regard, the 
second generation biofuel is expected to overcome the limitations of the first 
generation biofuel in terms of preserving food supplies and biodiversity as 
well as maintaining sustainable and affordable fuel supply.   
 
Biochemically produced second generation biofuel via lignocellulosic 
feedstock fermentation process using standard butanol-producing 
microorganism, Clostridium beijerinckii, has been a well-known technology to 
generate acetone/n-butanol/ethanol (ABE) in a 3:6:1 mass ratio with the total 
biofuel concentration in fermentation broth about 1.5 wt% [2-4]. As a 
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consequence, the production cost of biofuel predominantly lies on the 
separation processes to recover valuable fuels from the fermentation broth [3]. 
Up to the present, several techniques have been introduced to enhance energy 
efficiency and productivity in the biofuel recovery from the fermentation broth; 
namely: gas stripping, liquid-liquid extraction, reverse osmosis, adsorption, 
prestraction, membrane distillation and pervaporation [3, 5-7]. 
 
Since introduced by Kober in 1917 [8], the pervaporation process has been 
considered as a prospective technology in the biofuel and solvents recovery 
from fermentation broths. It is interesting to take note that the separation 
performance of four main components in ABE broths using polymeric 
membranes is most likely more affected by swelling-induced phenomena of 
molecules with smaller kinetic diameters, i.e. acetone (4.7 Å) and ethanol (4.3 
Å),  than that of larger kinetic diameter, i.e. n-butanol (5.1 Å). As a result, the 
separation of acetone or ethanol from water is more complex and difficult as 
compared to that of n-butanol. In addition, the binary separation between 
acetone and ethanol is more challenging than any of aforementioned 
water/acetone, water/ethanol and water/butanol cases. A fundamental 
understanding of this binary system separation is substantially needed. Based 
on the characteristics of acetone as a strong solvent and its similar size with 
ethanol, there are two immediate issues need to be addressed to achieve a high 
separation performance via pervaporation: (1) the choice of highly anti-
swelling polymer materials to tolerate the attack of acetone; (2) the proper 
molecular design of membrane pore size and morphology with good 
mechanical strengths. To our best knowledge, there is no literature that has 
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reported on the binary separation between acetone and ethanol as a part of 
multi-stage recovery of biofuels from fermentation broths using polymeric 
membranes via pervaporation. Therefore, we attempt to develop a 
hydrophobic membrane with suitable morphology and high productivity for 
acetone and ethanol separation via pervaporation.  
 
In this work, poly(vinylidene fluoride) (PVDF), a semi-crystalline 
fluoropolymer, which demonstrates outstanding chemical and physical 
properties such as its highly hydrophobic nature as well as exceptional 
chemical resistance towards corrosive chemicals [9], was chosen as a 
promising membrane material for acetone and ethanol separation. So far, 
PVDF has gained popularity in industries and academia as a suitable 
membrane material for pervaporation [10, 11], membrane contactor for gas 
separation [12, 13], membrane distillation [14-17] and micro/nanofiltration [18, 
19] due to its good processability for membrane fabrication. 
 
The demixing mechanisms of semi-crystalline PVDF have been highlighted 
by previous studies [20- 25]. One should take both of the thermodynamic and 
kinetic factors into consideration and optimize key parameters in the 
membrane fabrication such as concentration of polymer and additive in the 
dope solution [21], type of solvent [26], composition and temperature of 
coagulation bath [20, 21, 27], in order to fabricate PVDF membranes with a 




The phase inversion mechanism and the fabrication technique of PVDF 
membranes have been widely studied by many researchers. Young et al. [28] 
observed the morphology of PVDF membranes cast by using strong (water) 
and weak (1-octanol) coagulants. It was reported that kinetic factors 
encompassed a significant impact to the phase inversion process and 
subsequently to the morphology of PVDF membranes. The membranes 
precipitated from a relatively strong coagulant consisted of macrovoids 
structure, while those using fairly weak coagulation produced more porous 
membranes with a spherulitic crystal structure. A similar phenomenon in the 
PVDF membrane formation was also investigated by Buonomenna et al. [20] 
by using water and series of alcohols (methanol to octanol) as coagulants. 
Apart from that  α crysta  phase was observed to be the dominant phase at high 
precipitation temperatures when the phase inversion rate was fast. 
Interestingly, the polymer concentration of casting solution was reported to 
have minimal effects on the morphology and formation of crystals phase of the 
membrane. On the other hand, Munari et al. [29] reported the usage of diverse 
solvents as well as mixed solvents to fabricate PVDF and sulfonated-PVDF 
membranes for ultrafiltration. By varying the evaporation time at room 
temperature, they examined that the flux of membranes cast from high boiling 
point solvents was not significantly affected by the evaporation period. In 
contrast, membranes cast from mixed solvents showed an increase in water 




Jian and Pintauro [10] adapted the mixed solvent system with dual 
combination of high and low boiling point solvents to fabricate macrovoid-
free asymmetric PVDF membranes for the removal of benzene, toluene and 
chloroform from dilute solutions by pervaporation. Membranes cast from 
mixed solvents were found to have superior organic flux and minor reduction 
in separation factor compared to those of PDMS membranes. They further 
varied and optimized the membrane casting parameters and found that 
membrane performance changed with the variations of dope concentration, 
temperature and air humidity during the drying process and the molecular 
weight of PVDF [11]. In addition, it was observed that the optimized 
membranes were efficient in recovering non-polar organics from water and 
had a higher flux and separation factor compared to PDMS membranes [11]. 
In short, one should optimize the phase inversion rate in PVDF membrane 
formation via a proper choice of mixed solvent system and coagulant bath in 
order to minimize macrovoids formation formed by rapid phase inversion and 
avoid interlinked spherulitic crystal structure created most likely by a slow 
phase inversion. 
 
In terms of membrane configuration, most of hydrophobic membrane 
materials studied for biofuel recovery via pervaporation are PDMS dense 
membranes or PDMS-coated composite membranes. They usually possess 
high separation factors with low permeate fluxes [2]. An integral asymmetric 
membrane made from a single material is more favorable than a composite 
membrane due to the easy fabrication and better mechanical stability. Hence, 
the aim of this work is to fabricate PVDF asymmetric hydrophobic 
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membranes suitable for the separation of binary acetone-ethanol mixtures via 
pervaporation process. A mixed solvent system coupled with the evaporation 
of volatile latent solvent was chosen to fabricate the membranes with the 
following characteristics: (1) a thin dense skin layer, (2) no macrovoids but 
open-cell structure in the cross-section, and (3) good mechanical strengths. 
The morphology, crystallinity and mechanical strength of the membranes cast 
from different condition were further evaluated. A commercial membrane 
Pervap® 1060 (from Sulzer Chemtech GmbH) was used as a benchmark. 
 
5.2  Results and discussion 
 
5.2.1  Intrinsic properties of dense PVDF membranes 
 
5.2.1.1  Sorption/swelling analysis 
 
Sorption/swelling data provide essential information about the preferential 
sorption of organic species and water towards membrane materials. Degree of 
swelling (Dswell) in Table 5.1 shows the weight gains after one-month 
immersion of PVDF dense membranes in four major products of ABE 








Table 5.1 Degree of swelling, solubility parameters and interaction parameters 
of sorption/swelling species, solvents and PVDF  
 
 
In general, all organic species show a strong affinity towards PVDF dense 
membranes, the degree of sorption/swelling follows the order of acetone > n-
butanol > ethanol > water.  In addition to the hydrophobic nature of PVDF 
polymer, this sorption/swelling trend is consistent with the orders of vectorial 
distance of solubility parameter (
i PVDF ) between the sorption species and 
polymer as well as Flory-Huggins interaction parameter ( i PVDF  ).  
 
The vectorial distance of solubility parameter is defined by [30]: 
2 2 2
, ,, , , ,( ) ( ) ( )p ii PVDF p PVDFd i d PVDF h i h PVDF                    (5.1) 
 
where subscript i indicates the sorption/swelling species and d , p , h  refer 
to the dispersive, polar and hydrogen bonding components of Hanson 
Solubility Parameter (HSP) respectively. On the other hand, the Flory-
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Huggins interaction parameter is determined from Flory-Huggins solution 
theory. The chemical potential of solvent in a binary system (polymer and 
solvent) can be initially defined as [31]: 
2lnoii i PVDF i PVDF PVDFRT     
 
 
                          (5.2) 
 
whereby i  and 
o
i are the chemical potentials of sorption/swelling species in 
the binary system and pure system; i and PVDF  are the volume fractions of 
sorption/swelling species and the volume fraction of PVDF in sorption 
analyses, R is the universal gas constant and T is the temperature. In the 
sorption of pure component and polymer, the chemical potentials of 
sorption/swelling species in the binary system and pure system are identical at 
steady state and the Flory-Huggins interaction parameter between the polymer 










                                        (5.3) 
 
Table 5.1 indicates the calculated solubility parameters and Flory-Huggins 
interaction parameters of organic species and PVDF. The smaller value of 
both vectorial distance of solubility parameter and Flory-Huggins interaction 
parameter implies the stronger sorption or affinity between the organic species 
and PVDF. It can be found that the order of PVDF membrane swelled by the 
major components in fermentation broths can be predicted by the 




5.2.1.2 Pervaporation studies 
 
The sorption study of dense PVDF membranes shows that acetone is the most 
preferentially absorbed in PVDF, while ethanol is the least among the organic 
species tested. Table 5.2 summarizes the pervaporation performance of PVDF 
membranes for the acetone/ethanol feed system (15/85 wt%) at three different 
operating temperatures, i.e. 25, 50, and 70 ºC.  
 







The permeate flux increases while separation factor decreases with an increase 
in operating temperature. This observation agrees well with the conventional 
trade-off phenomena. The correlation between operating temperature and 




J J   
 






oJ  is the pre-exponential factor, R is the universal gas constant, T is 
the operating temperature and JE  is the activation energy of flux. The 





Figure 5.1 Arrhenius plots of permeate flux vs. temperature for acetone and 
ethanol 
 
The results show that the calculated activation energies of acetone and ethanol 
flux across PVDF dense membrane are 73.84 kJ/mol and 82.81 kJ/mol, 
respectively. This further indicates that acetone is preferentially permeated 
through the membrane compared to ethanol due to a lower energy barrier of 




5.2.2 Asymmetric PVDF membranes 
 
5.2.2.1 Ternary phase diagram  
 
The isothermal ternary phase diagram relates the phase transition between the 
polymer, solvent and non-solvent in thermodynamically equilibrium at a 
selected temperature. Figure 5.2 displays the ternary phase diagram of the 
PVDF/solvents/water system at 25ºC.  
 
 




The cloud  point in the phase diagram indicates that a homogeneous polymer 
dope undergoes initial phase separation after definite amount of non-solvent is 
introduced. In the case of semi-crystalline polymers (such as PVDF), the 
phase separation can be observed and this may be due to the phase inversion 
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mechanism of PVDF polymer which comprises liquid-liquid demixing and 
solid-liquid demixing [20, 21, 27]. As shown in Figure 5.2, the polymer dope 
from a mixed solvent has drifted the phase separation line towards the solvent 
and polymer axis which means lesser amount of water is required to induce 
phase separation for PVDF/mixed solvent systems compared to that of 
PVDF/NMP. This phenomenon can be justified by evaluating the solubility 
parameter between the solvents and polymer. Interestingly, all latent solvents 
only act as a swelling agent or diluents to the polymer dope and they basically 
do not dissolve the polymer in the dope. In certain case, they can be regarded 
as non-solvents. Based on the solubility parameter between solvents and 
PVDF polymer in Table 5.1, THF is considered as a stronger non-solvent 
compared to acetone and thus requires lesser amount of water to induce phase 
separation in the NMP-THF mixed solvent dope. 
 
5.2.2.2 Phase inversion and morphology study 
 
The interaction between solvent and non-solvent is crucial to determine the 
rate as well as the type of demixing during phase inversion via immersion-
precipitation method. Figure 5.3 presents the isothermal Gibbs free energy of 
mixing between solvents and water at room temperature simulated by Non-
Random Two Liquid (NRTL) model using Aspen Properties v7.1 provided by 




In general, the Gibbs free energy of mixing of all solvents shows negative 
values, which mean that the mixing between the solvents and water as an ideal 
solution is spontaneous [34]. In other words, all solvents are miscible in water.  
However, the degree of miscibility varies and increases with the order as 












Figure 5.4 Morphology of membranes cast from PVDF/NMP (13/87 wt%) at 
various evaporation temperatures, followed by immersion into water coagulant 
 
Figure 5.4 illustrates the morphology of PVDF asymmetric membranes cast 
from the PVDF/NMP dope at different evaporation temperatures, followed by 
precipitation in a water bath at room temperature. All as-cast membranes 
exhibit finger-like macrovoids and interconnected cellular-like structure in 
cross section with relatively dense skin layer. This is most likely attributed by 
the domination of rapid liquid-liquid demixing during the immersion-
precipitation process [21, 28, 35, 36]. As indicated in Figure 5.3, NMP is 
highly miscible in water compared to other solvents and therefore, facilitates 
rapid liquid-liquid demixing once the as-cast polymer solution is immersed in 
a water coagulant bath. However, a high boiling point of NMP reduces the 
effectiveness of dense skin layer formation and creates few small pores on the 
top surface of membranes evaporated at low temperatures, i.e. 40 and 60ºC. 
These pores on the top surface are originally produced due to the formation of 
relatively large macrovoids via rapid demixing process. Conversely, the size 
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of macrovoids as well as the number of pores on the top surface significantly 
reduce when the as-cast dope evaporated at a higher temperature, i.e. 80 or 
100ºC, with an identical holding time.  At higher evaporation temperatures, a 
larger amount of NMP from the casting film can be evaporated. This results in 
a rapid increase in polymer concentration and viscosity near the top surface 
which hinders macrovoids formation as well as reduces the number of pores 
on the top surface as shown in Figure 5.4.  
 
It has been reported that the addition of volatile latent/non-solvents in the 
polymer dope followed by evaporation process can further stimulate the 
formation of dense skin layer on the membranes [37]. Figures 5.5 and 5.6 
depict the membranes morphology of mixed solvent systems using NMP-
acetone and NMP-THF, respectively, at various evaporation temperatures 




Figure 5.5 Morphology of membranes cast from PVDF/NMP/Acetone 
(13/43.5/43.5 wt%) at various evaporation temperatures, followed by 





Figure 5.6 Morphology of membranes cast from PVDF/NMP/THF 
(13/43.5/43.5 wt%) at various evaporation temperatures, followed by 
immersion into water coagulant 
 
It can be noticed that the evaporation casting procedure in mixed solvent 
systems has effectively suppressed the formation and propagation of 
macrovoids compared to that of pure NMP system. However, the membranes 
cast at 40ºC for both mixed solvents systems comprise an interconnected 
globule-type structure implying a higher degree of crystallization in the 
resultant PVDF membranes [20, 21]. This is due to the fact that the 
evaporation temperature in this case is noticeably low to fully evaporate the 
volatile latent solvents and thus, the solid-liquid demixing mechanism takes 
place. The transformation from instantaneous to delay demixing occurs most 
likely due to the lower miscibility of the mixed solvent systems with water 
(i.e., coagulant) as compared to that of the pure NMP system. In contrast, all 
membranes evaporated in the range of 60ºC to 100ºC followed by 
precipitation in water possess an inter-connected cellular structure, which 
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indicates the domination of liquid-liquid demixing process. Besides, all 
membranes cast from mixed solvent systems at evaporation temperatures of 
60ºC and above have a defect-free top skin layer due to the increment of 





Figure 5.7 Morphology of cell structure in the membrane cross-section for 
mixed solvent systems and pure NMP solvent at different evaporation 
temperatures 
 
Figure 5.7 illustrates the morphology of cell structure in membrane cross 
sections cast from different solvent systems at various evaporation 
temperatures. The open-cell structures progressively alter to close-cell 
structures as the evaporation temperature increases from 60ºC to 100ºC for 
both mixed solvent systems, while the cell structures of membranes cast from 
pure NMP are basically unaffected by the evaporation temperature. Due to the 
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high boiling point of NMP solvent, there is no drastic change on the polymer 
concentration of as cast membranes from the pure NMP system during the 
evaporation process at higher temperatures up to 100ºC. Therefore, the 
resultant membranes show open cell structures at different evaporation 
temperatures implying to the liquid-liquid demixing process. In the case of 
mixed solvents, the concentration of as-cast polymer solutions slowly 
increases when the evaporation of volatile latent solvents occurs and the rate 
of evaporation is affected by the evaporation temperature. At a higher 
evaporation temperature, volatile latent solvents (acetone or THF) may 
evaporate synergistically which causes a sharp increase in polymer 
concentration. These phenomena can be further verified by the examination of 
demixing mechanism. 
 
The demixing process occurs via different mechanisms depending on polymer 
concentration in solutions [23]. At a low polymer concentration (below the 
critical point shown in Figure 5.7), the demixing initiates by nucleation and 
growth of the polymer rich phase, which forms a highly porous structure at the 
meta-stable region. In addition, Han and Bhattacharyya [38] reported the 
nucleation and growth of the polymer rich phase can be induced by 
crystallization of the crystalline polymer. Therefore, the resultant cell structure 
in the membrane cross section as shown by the morphology from mixed 
solvent systems evaporated at 40ºC in Figure 5.7 exhibits a highly porous 
globule-type structure. In the case of a high polymer concentration (above the 
critical point), the demixing mechanism commonly proceeds via nucleation 
and growth of droplets in the polymer lean phase [23] that results in the 
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formation of close-cell structure at the meta-stable region in our case as shown 
by the morphology of polymer solution evaporated at 100ºC in Figure 5.7. 
Spinodal decomposition occurs when the demixing pathway falls into the 
unstable region as shown in Figure 5.7. Consequently, this leads into the 
formation of bicontinuous network structure with interconnection between 
polymer rich and polymer lean phase [23].  Since the membranes evaporated 
at 40ºC show either globular structures or large macrovoids with a weak 
mechanical strength, detailed studies are therefore focused on the membranes 




Figure 5.8 Top surface morphology and roughness of membranes cast from (a) 
PVDF/NMP, (b) PVDF/NMP/THF, (c) PVDF/NMP/Acetone system at 
various evaporation temperatures 
 
Furthermore, it is interesting to note that the evaporation rate of volatile latent 
solvents not only determines the type of demixing but also defines the 
 120 
membrane surface roughness. Figure 5.8 indicates that the surface roughness 
of membranes cast from pure NMP at various evaporation temperatures, i.e. 
60 to 100ºC, shows relatively comparable surface roughness (mean surface 
roughness of around 32 nm). On the contrary, the surface roughness of 
membranes cast from the mixed solvents is generally smoother (mean surface 
roughness of around 18 nm) than that of membranes cast from pure NMP at 
moderate evaporation temperatures, i.e. 60ºC. Owing to the high boiling point 
of NMP (202ºC), the membrane cast from pure NMP exhibits a relatively 
smooth surface even at elevated evaporation temperature due to its relatively 
slow solvent evaporation rate. However, the surface roughness of those 
membranes cast from mixed solvents increases gradually with an increase in 
evaporation temperature up to 100ºC and it becomes rougher (mean surface 
roughness of around 45 nm) than those membranes cast from pure NMP at the 
same evaporation temperature. This may be due to an instantaneous 
evaporation of the volatile solvents, in particularly at evaporation temperatures 
above their boiling points, i.e. 80 or 100ºC.  
 
5.2.2.3 Crystallinity and crystalline structure 
 
Since solid-liquid and liquid-liquid demixing occur concurrently during the 
phase inversion, the obtained membranes apparently comprise both 
amorphous phase and crystalline phase. Crystalline phase is usually regarded 
as an impermeable phase whereas amorphous phase serves as the permeable 
site. The melting data and crystallinity of the membranes are tabulated in 
Table 5.3.  
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It is found that the crystallinity of the resultant membranes is higher than that 
of pristine PVDF polymer in the powder form.  This is most probably due to 
the high expansion of polymer chains in the solvent since flexible polymer 
chains can easily reorganize among themselves into lattice structure during the 
solid-liquid demixing and form crystals [39]. For the as-cast polymer solutions 
evaporated at higher temperatures, the high temperature reduces nuclei 
concentration and crystallization sites. As a result, the as-cast membranes 
consist of less crystalline phase [40]. Furthermore, the crystal homogeneity 
and size distribution in the membranes were further verified by the difference 
between onset and fina  me ting temperature (∆ m)   he reduction in ∆ m 
values with an increase in evaporation temperature indicates that all 
membranes cast at higher evaporation temperatures have a relatively sharper 
crystal size distribution [39]. This is because a lower nuclei concentration 
facilitated at a higher evaporation temperature can enhance the growth of more 
uniform and homogeneous crystals and eliminate imperfect crystals [40]. 
 
In general, the crystalline structures of PVDF can be categorized into four 
different phases which are common y  nown as α  β  γ and δ phases [39, 41]. 
 oth α and β phases are the most common po ymorphs  α phase is the 
kinetically stable non-polar crystalline form which has trans-gauche ( G G’) 
conformation and monolithic lattice that allow a larger distance between the 
fluorine atoms [39, 41]. On the contrary  β phase is the thermodynamica  y 
favored polar form which comprises all-trans (TTTT) conformation and 
orthorhombic lattice structure [39, 41]. Figure 5.10 presents the XRD data of 
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the resultant membranes cast from different solvent systems at various 
evaporation temperatures.  
 
Table 5.3 Melting data and crystallinity of PVDF membranes cast from pure 
NMP and mixed solvent systems at various evaporation temperatures  
 
 
    membranes exhibit the diffraction pea s at around 2θ = 18 5º  20 5º and 
26.5º. It has been reported that the characteristic peaks of the monoclinic α 
crystal phase were around 17.7º, 18.3º, 19.9º and 26.6º which are subjected to 
diffraction planes of (100), (020), (110) and (021), respectively, while the 
characteristic peak of the orthorhombic β crysta  phase was around 20.3º 
which is related to the superimposition of diffraction planes of (110) and (200) 
[39, 42]. Therefore, the crystal structure in the newly studied membranes 
predominantly comprises α and β phases  In addition  the presence of α and β 
crystal phases can be further supported by DSC melting data in Table 5.3, 
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which refers to a single melting temperature derived from the almost 




Figure 5.9 X-ray diffractograms for membranes cast from (a) PVDF/NMP, (b) 





Due to the diffraction peaks of both phases overlapped at around 20º, the 
intensity of peaks around 18.5º and 26.5º were ta en as pea s of α crysta  
phase to be compared qua itative y with the pea  of β crysta  phase at 
diffraction angle of 20.5º. As indicated in Figure 5.9, β crysta  phase 
predominates in all membranes cast from mixed solvents evaporated at 60 and 
80ºC. This observation is consistent with previous studies [21, 42] that the 
membrane prepared from solution temperatures lower than 90ºC most likely 
comprises β crysta  phase as the dominant phase. On the contrary, α crysta  
phase dominates in all membranes evaporated at 100ºC   he preva ence of α 
crystal phase at high temperatures is probably due to the reduction of solvent 
polarity which favors the formation of non-polar form of α crystal phase [43]. 
In addition, it was found that membranes cast from pure NMP generally 
possess a re ative y higher α crysta  phase compared to those from mixed 
solvent systems at an identical evaporation temperature (typically 60 and 
80ºC). This phenomenon can be related to the sequence of demixing and 
crystallization processes during the phase inversion. Buonomenna et al. [20] 
described the formation of β crysta  phase was most likely contributed by the 
occurrence of crystallization prior to liquid-liquid demixing and vice versa for 
α crysta  phase. In this situation, there might have some traces of latent 
solvents in the polymer solution cast from mixed solvent systems after the 
evaporation step (for 60 and 80ºC). Although all membranes display liquid-
liquid demixing like morphology, the presence of latent solvents seems to 
delay the liquid-liquid demixing process compared to those membranes cast 
from pure NMP.  
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5.2.2.4 Porosity, average pore diameter, effective surface porosity and 
mechanical properties 
 
The porosity, average pore diameter and effective surface porosity of 
membranes are listed in Table 5.4. The porosity and effective surface porosity 
shows an increasing trend for the membranes cast from NMP-acetone, NMP-
THF, to NMP solvent systems. This is because the membranes cast from pure 
NMP solvent generally have a larger size and number of macrovoids 
compared to those cast from mixed solvents. However, the order of average 
pore diameter follows the trend for membranes cast from NMP > NMP-
acetone > NMP-THF. Overall, the membranes cast from mixed solvents 
portray the effectiveness of forming a dense skin layer during the solvent 
evaporation process.  
 
In comparison between the two different mixed solvent systems, the lower 
boiling point of acetone has caused more defects due to a more rapid 
evaporation of acetone in the NMP-acetone mixed solvent system resulting in 
the formation of larger pore size as compared to that of membranes cast from 
NMP-THF solvents. Interestingly, the average pore diameter of both mixed 
solvent membranes coincides at the evaporation temperature of 100ºC. In this 
case, an increment in the polymer concentration may yield supersaturation of 
polymer rich phase which diminishes the effects of boiling point difference 
between the two mixed solvent systems. 
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Table 5.4 Porosity, average pore diameter and effective surface porosity of 




The mechanical properties of membranes are also strongly related to the as-
cast membrane morphology. As shown in Table 5.5, the membranes cast from 
mixed solvents show superior mechanical strengths over those membranes 
cast from pure NMP due to noticeably less macrovoids formation. The low 
boiling point of acetone has created more defects to the membranes at high 
annealing temperature. As a result, the membranes cast from NMP/acetone 
system show lower mechanical strengths as compared to those membranes 








Table 5.5 Mechanical properties of PVDF membranes evaporated at various 
evaporation temperatures  
 
 
Other than that, the effectiveness of dense skin layer formation with increasing 
of polymer concentration near top layer in the membranes cast from mixed 
solvents at a high evaporation temperature results in a significant reduction of 
membrane thickness with improved mechanical strengths. The enhancement in 
tensile properties with the increment of dope concentration in PVDF hollow 
fiber spinning was also reported by Sukitpaneenit and Chung [21].  In fact, the 
semi-crystalline nature of PVDF membranes plays an important role in 
determining the overall mechanical properties. The crystal phase in this 
polymer behaves as a cross-linker to the amorphous phase and stiffens the 
polymer chain [44]. In addition, Figure 5.9 and Table 5.5 show that 
membranes with a more prevai ing α phase tend to possess better mechanical 






5.2.2.5 Pervaporation studies 
 
The pervaporation performance of membranes cast from different solvent 
systems and evaporation temperatures are revealed in Figure 5.10 and a 
commercial PDMS/PAN hydrophobic membrane (Flux of 4.8 kg/m
2
h, 




Figure 5.10 Pervaporation performance of membranes cast from different 
solvents at various evaporation temperatures 
 
The pervaporation performance generally agrees well with the membrane 
morphology. Membrane cast from NMP solvent which exhibits large 
macrovoids and porosity has a lower separation factor and higher flux 
compared to that of membranes cast from mixed solvents. This is due to the 
ineffectiveness of dense skin layer formation leading to defective membranes 
surface as previously described in the morphology section. In addition, the 
porosity of membranes cast from mixed solvents plays an important role in 
affecting the membranes performance at a low evaporation temperature. 
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Membranes cast from NMP-THF mixed solvents at 60ºC shows a relative 
higher flux and lower separation factor than membranes cast from NMP-
acetone mixed solvents due to the domination of porosity effect. However, the 
effects of porosity and type of latent solvent used on the performance of 
membranes gradually diminish as the evaporation temperature increases. As a 
result, the pervaporation performance of membranes cast from both mixed 
solvents coincides at the evaporation temperature of 100ºC which is in 
agreement with the average pore diameter and effective porosity trends 
determined by nitrogen permeation.  
 
Moreover, a trade-off line is drawn to correlate the pervaporation performance 
of all membranes cast at different evaporation temperatures for each solvent 
system. As illustrated in Figure 5.10, the performance of membranes cast from 
NMP or NMP-acetone mixed solvents is generally lower than that of 
commercial PDMS/PAN hydrophobic membranes. The membranes cast from 
NMP solvent have a relatively higher flux and lower separation factor and vice 
versa for membranes cast from NMP-acetone mixed solvents. However, the 
membranes cast from NMP-THF mixed solvents slightly outperform the 
commercial membrane. Therefore, the performance of the PVDF membranes 
can be tuned by the precise casting parameters, i.e. evaporation temperature, 
and suitable choice of mixed solvent pairs to induce the formation of dense 
skin layer for acetone and ethanol separation as well as other biofuel recovery 






Flat asymmetric PVDF membranes with macrovoid-free and interconnected 
pore structures fabricated via mixed solvent systems have demonstrated a 
great potential for the binary separation between acetone and ethanol as a part 
of multi-stage recovery of biofuels from fermentation broths via pervaporation. 
The following conclusions can be drawn from this work: 
 
 Due to its hydrophobic nature, the degree of sorption/swelling of four 
major fermentation broth components in PVDF membranes follows the 
order of: acetone > n-butanol > ethanol > water.   
 Mixed solvent systems, i.e. NMP/THF and NMP/Acetone, coupled 
with the evaporation of volatile latent solvents at elevated temperatures 
were implemented in this study to form asymmetric PVDF membrane 
consisting of (1) a dense skin layer, (2) no macrovoids, (3) open-cell 
structure, and (4) good mechanical strengths, for acetone and ethanol 
separation via pervaporation.  
 The evaporation casting procedure in PVDF membranes fabricated 
from mixed solvent systems at 40ºC and above has effectively 
suppressed macrovoids and promoted dense skin layer formation as 
compared to that of pure NMP system. Interestingly, due to the 
variation of demixing process and polymer casting concentration at 
different evaporation temperatures, the pore structure of membranes 
cast from both mixed solvent systems transforms from interconnected-
globular structures at low evaporation temperatures, i.e. 40ºC, to 
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interconnected open cell structures at intermediate evaporation 
temperatures, i.e. 60-80ºC, or interconnected close cell morphology at 
high evaporation temperatures, i.e. 100ºC. This phenomenon cannot be 
observed in membranes cast from pure NMP. 
 Due to the instantaneous evaporation of volatile solvents in mixed 
solvent systems, the surface roughness of those PVDF membranes cast 
from mixed solvents increases gradually with increasing evaporation 
temperature up to 100ºC and it becomes rougher than those membranes 
cast from pure NMP at the same evaporation temperature. 
  In general, the as-cast membranes from both pure NMP and mixed 
solvent systems at a higher evaporation temperature consist of less 
crysta  ine phase and more α crysta  phase  eading to superior 
mechanical properties.  
 From the trade-off line of acetone/ethanol separation via pervaporation, 
it can be observed that PVDF membranes cast from mixed solvent 
systems at high evaporation temperatures, i.e. 60-100ºC, exhibit 
superior separation factors with reasonably high fluxes as compared to 
the pure NMP system. In addition, their separation performances are 
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HIGH PERFORMANCE DUAL-LAYER HOLLOW FIBER 
FABRICATED VIA NOVEL IMMISCIBILITY INDUCED PHASE 
SEPARATION (I
2




The awareness of global warming and energy crisis has been increased due to 
the excessive extraction and lavish consumption of fossil energy. These 
phenomena prompted the exploration of alternative energies that offer the 
harmonious integration between renewability, sustainability as well as 
environmental conservation. Biological based energy such as bioethanol has 
been widely used to substitute fossil fuel in transportation and agricultural 
sectors. The total ethanol production in the United States for 2010 reached 49 
billion liters as compared to 41 billion liters in 2009 indicating the increasing 
demand of ethanol in the market [1]. It is worth noting that almost 90% of 
gasoline in the United States is blended with ethanol. However, the separation 
and purification of fuel grade ethanol (anhydrous ethanol) by traditional 
distillation process was reported as an energy intensive process [2, 3]. 
Therefore, significant efforts have been made to optimize the current 
separation process as well as to explore the alternative separation techniques 
which aim to further reduce the production cost [3-5].  
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Previous studies have suggested the potencies of pervaporation process to 
outperform conventional distillation and adsorption process in dehydration of 
alcohols [6, 7]. The advantages of pervaporation process can be listed as 
energy efficient, small footprint coupled with flexibility and simplicity in the 
process control and module fabrication [7]. Most importantly, pervaporation 
process is not limited by the azeotropic restriction which makes it a rate 
limiting process rather than a thermodynamic equilibrium process [8]. 
 
Membrane materials and morphological design are the key features in the 
aforementioned technology. Early development of pervaporation membranes 
has been focused on the flat sheet membranes made from hydrophilic 
materials such as poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA), 
chitosan and alginate [9-11]. However, these materials are often prone to 
severe swelling phenomenon and crosslinking is needed to stabilize the 
structure and enhance the membrane selectivity [12]. Thus, pervaporation 
membranes with a balance of hydrophilic and hydrophobic characters are 
strongly preferred. The first commercial pervaporation membrane was 
developed by Gesellschaft für Trenntechnik (GFT) which utilized a composite 
membrane configuration whereby a thin layer of crosslinked PVA was coated 
on a porous poly(acrylonitrile) (PAN) support cast on a non-woven fabric [13]. 
This membrane configuration allows the effective separation to occur at the 
thin selective layer. As a result, the permeation flux can be enhanced greatly 
with a satisfactory selectivity.   
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From an application point of view, membranes fabricated in a hollow fiber 
configuration possess several advantages over the flat membranes such as: 
higher packing density, self-supporting structure and self-containing vacuum 
channel if the shell fed mode is applied [12, 14, 15]. Recently, dual-layer 
hollow fibers have gained popularities among membrane scientists in various 
fields of separations [16-25]. Depending on the application, this sophisticated 
hollow fiber spinning technology requires a strict selection of polymer 
materials for both inner-layer and outer-layer as well as the appropriate control 
of spinning parameters in order to harvest the synergistic advantages of both 
inner-layer and outer-layer materials. Particularly in the field of pervaporation, 
the application of dual-layer spinning technology was reported to significantly 
reduce the materials cost as the high performance yet expensive material can 
be used as the outer selective layer while the inner supporting layer can be 
fabricated from a cheaper material [26]. In addition, the dual-layer hollow 
fiber can be tailor-made to have a greater swelling resistance through proper 
selection and combination of materials for both outer and inner-layers [25, 27]. 
Jiang et al. [28] reported that the usage of polymer materials that were 
miscible for both inner and outer-layer (such as polysulfone and matrimid
®
) 
can induces the formation of interpenetration network at the interface between 
inner-layer and outer-layer. The as-spun fibers were found to possess superior 
performance approaching ceramic membrane in the dehydration of t-butanol 
via pervaporation process.  
 
On the other hand, the hollow fibers employed in pervaporation and gas 
separation are required to possess a defect-free dense selective layer to achieve 
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high separation efficiency. However, the fiber with a defective selective layer 
is usually obtained through the non-solvent induced phase separation (NIPS) 
process. In this process, a strong non-solvent such as water is commonly used 
as the external coagulant to induce the formation of dense selective layer by a 
rapid phase inversion process. Silicon rubber coating and heat treatment were 
frequently used to seal the defective fibers [29-31]. Besides, a defect-free 
hollow fiber can be attained by formulating the dope solution containing 
volatile, non-volatile solvent and non-solvent [21, 32]. However, a significant 
decline of the membrane permeance is commonly observed mainly due to the 
excessive densification of the selective layer. 
 
Therefore, this study attempts to propose an alternative hollow fiber spinning 
method to fabricate high performance dual-layer hollow fibers by means of the 
immiscibility induced phase separation (I
2
PS) process. In this proposed 
mechanism, the selective layer is formed at the outer surface of the inner-layer 
and it is triggered by the immiscibility of inner-layer and outer-layer polymers. 





Figure 6.1 Schematic of the proposed spinning method as compared to NIPS 
 
This preliminary concept is demonstrated by fabricating dual-layer hollow 
fibers for dehydration of ethanol via pervaporation process. A total of three 
types of outer-layer materials were selected from a range of hydrophobic, 
hydrophilic, rubbery and glassy materials in order to elucidate and investigate 
the robustness of the proposed method. All of the as-spun dual-layer hollow 
fibers possess an outer-layer that functions as the shielding layer to protect the 
ultra-thin selective layer beneath from the direct contact with the feed 
mixtures and to minimize the swelling effects. Through this method, highly 
permeable hollow fibers with a reasonable selectivity for ethanol dehydration 
have been fabricated   o the best of authors’  nowledge, no study has been 






6.2.1 Dual-layer hollow fiber spinning 
 
The outer-layer polymer materials: (1) 6FDA-HAB-BisAHPF co-polyimide 
(PI), was synthesized via chemical imidization route in our laboratory and the 
detailed synthesizing method was documented in our previous study [33], (2) 
cellulose triacetate (CTA) and (3) polyvinylidene fluoride polymer (PVDF). 
On the other hand, commercial available polyetherimide (PEI) known as 
Ultem
®
 1010 was applied as the inner-layer polymer material.  
 
The dual-layer hollow fibers were fabricated via dry-jet wet-spinning by co-
extrusion of both outer-layer and inner-layer polymer dopes as well as bore 
fluid through a triple orifice spinneret by means of the immiscibility induced 
phase separation (I
2
PS) process. The polymer solutions and bore fluid were 
extruded through an air gap distance before entering an external coagulation 
bath and a free-fall take up speed was employed throughout the spinning 
process by which only gravitational force involves in the axial direction of the 












6.3 Results and Discussion 
 
6.3.1 Miscibility of inner-layer and outer-layer polymer solutions 
 
The compatibility of outer-layer and inner-layer dope solutions is determined 
by dissolving both polymers at the specific weight ratio into a 5 wt% polymer 
solution using dimethylacetamide (DMAc) as the mutual solvent. The 
blending ratios of the outer-layer/inner-layer solutions were 90/10, 50/50 and 
10/90 in order to cover the wide range of the miscibility gap for all selected 
outer-layer and inner-layer polymer pairs. The dope solutions made of a sole 





Figure 6.2 Physical appearance of blending solutions for the polymer pairs 
(before and after agitation) 
 
As depicted in Figure 6.2, even though a common solvent (DMAc) is 
employed, the equilibrated dope solutions show a clear phase separation 





systems with both CTA and PVDF are colorless/white and Ultem
® 
in 
yellowish color. Conversely, the phase separation boundary for the PI-Ultem
®
 
system is not obvious due to the similar color of both PI and Ultem
®
. The 
dope solutions were then subjected to agitation and the physical appearances 
of the blending solutions are tabulated in Table 6.2.  
 
All the blending solutions are observed to become turbid or opaque as 
compared to their respective controls. This indicates that both of the inner-
layer and outer-layer polymers are immiscible [35]. Therefore, the present 
study would like to utilize the occurrence of the spontaneous phase separation 
phenomena in the interface between outer-layer and inner-layer dope solutions 
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to fabricate a novel dual-layer hollow fiber with a thin selective layer formed 
on the outer-surface of the inner-layer. 
 




6.3.2 Morphology of dual-layer hollow fibers 
 
6.3.2.1 Cross section morphology 
 
The cross section morphology of as-spun fibers is portrayed in Figure 6.3. The 
Ultem
®
 single-layer hollow fiber was spun by only extruding the inner-layer 
dope solution through the triple orifice spinneret and the single-layer hollow 
fiber is functioned as the control throughout this study. The large outer 
diameters of CTA-Ultem
®
 fibers is probably caused by a low CTA 






Figure 6.3 The cross section morphology of the as-spun fibers 
 
In general, all the as-spun fibers show a distinctive cross-section of dual-
region morphology for both inner-layer and outer-layer in which the inner-
layer region consists of macrovoids. A plausible explanation to this 
macrovoids morphology is the employment of a relatively low polymer 
concentration in the inner-layer dope as tabulated in Table 6.1. As a result, the 
macrovoids can easily be formed by the propagation of diffusional and 
convective moving fronts of the non-solvent through the dilute and low 
viscosity polymer dope [36-38].  
 
On the other hand, a polymer dope concentration above the critical 
concentration was chosen as the outer-layer dope solution in order to create a 
protective layer. This layer is able to weaken the outer coagulant strength and 
simultaneously induces the formation of the selective layer on inner-layer 
materials.  The outer-layer of hollow fibers spun from both CTA and PI shows 
a sponge-like structure whereas hollow fibers spun from PVDF possess 
 148 
macrovoids structure in the outer-layer. The morphological difference can be 
explainable based on a study conducted by Peng et al. [39] who indicated a 
critical value of polymer concentration existing below which fibers with 
macrovoids structures are formed. Though all the outer-layer dopes have 
higher than their respective critical concentrations as depicted in Figure 6.4 
[40-42], macrovoids morphology still appears in the outer-layer of the PVDF-
Ultem
®




Figure 6.4 The shear viscosity of dope solutions as a function of polymer 
concentration [40-42] 
 
The rubbery state of PVDF polymer chains may possess a higher degree of 
freedom for oscillation and hence, lowering the extent of chain entanglements 
that reduces the effectiveness in the elimination of macrovoids. A similar 
observation was also reported by Sukitpaneenit and Chung [40] in the PVDF 
single-layer hollow fiber spinning.  
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Despite incompatible polymers are being used for both inner and outer-layer 
dope solutions, there is no delamination observed between the inner-layer and 
outer-layer of the as-spun dual-layer hollow fibers. Since all of the polymer 
concentrations of outer-layer dope solutions are lower than the inner-layer 
dope solution, the shrinkage rate of the outer-layer is greater than the inner-
layer during the solvent exchange process. Thus, the inner-layer is greatly 
tightened by the outer-layers and fibers with a seamless interface are formed. 
Li et al. [19] reported that a delamination free dual-layer hollow fiber can be 
obtained with the ratio of outer-layer dope flow rate to inner-layer dope flow 
rate of 0.125 which is close to the present study (0.133). 
 
It is postulated that the number of macrovoids at the inner-layer has a strong 
correlation with the phase inversion rate of the respective polymer dopes. 
Referring to Figure 6.5, the phase inversion rate of the inner-layer dope 
(Ultem
®





Figure 6.5 Phase inversion kinetics of the dope solutions 
 
Given that a high composition of NMP is used as the bore fluid (NMP/water: 
95/15 wt %) throughout the spinning process, the direction of the mass 
transfer of water is from the external coagulant towards the bore fluid. 
Therefore, the phase inversion rate of the outer-layer polymer dope solutions 
is the rate limiting step and controlling the overall morphology of the dual-
layer hollow fiber. The postulation is then validated by the similar trend of 
both phase inversion kinetics as well as the number of macrovoids at the cross 
section morphology in Figures 6.3 and 6.5, in which an inner layer with lesser 
macrovoids is formed when the outer-layer polymer dope solutions have a 
slower phase inversion rate (such as PVDF and CTA). In addition, the phase 
inversion kinetic of the PVDF dope solution shows a time lag and this 
phenomenon can be attributed to the hydrophobic nature of PVDF polymer 
that delays the penetration of water during the phase separation process. 
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6.3.2.2 Surface and interface morphology 
 
The morphology of outer-layer outer-surface as well as inner-layer inner-




Figure 6.6 Surface morphology of the hollow fibers 
(Outer-layer outer-surface and inner-layer inner-surface) 
 
All the as-spun fibers show a relatively dense outer surface as water is used as 
the external coagulant in this study. The high coagulation strength of water 
induces a rapid phase inversion process on the outer-layer outer-surface and 





Figure 6.7 Interface morphology of the hollow fibers  
(Outer-layer inner-surface and inner-layer outer-surface) 
 
Figure 6.7 discloses the interface morphology of the dual-layer hollow fibers 
by detaching the outer-layer from the inner-layer. At low magnifications, a 
wide spread of large random voids can be clearly observed at the outer-layer 
inner-surface of fiber spun from PI whereas the outer-layer inner-surfaces of 
fibers spun from PVDF or CTA remain dense. It is worthwhile to note that the 
microscopic morphology of the outer-layer inner-surface shows a unique 
difference at higher magnifications as compared to those portrayed at low 
magnifications. Large voids are noticeable to be embedded in a relative dense 
surface. On the other hand, a porous structure is observed at the CTA outer-
layer inner-surface while the outer-layer inner-surface of the PVDF remains 
dense at high magnifications. These occurrences can be elucidated from the 
aspect of phase inversion kinetics for the respective outer-layer polymer dope 
solutions. Due to the instantaneous demixing of both PI and CTA dope 
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solutions (shown in Figure 6.5), the non-solvent can easily penetrates through 
the nascent layers and induces the formation of voids and porous structures 
prior to the completion of phase inversion process at the outer-layer. One the 
other hand, the occurrence of time lag during the demixing of PVDF dope 
solutions may delay the penetration of non-solvent into the nascent layer and 
consequently the phase inversion process at the outer-layer is completed 
without the formation of visible voids and porous structures in the outer-layer 
inner-surface.  
 
6.3.3 Pervaporation study 
 
All the as-spun dual-layer hollow fibers are fabricated into modules and 
subjected to dehydration of ethanol. Table 6.3 shows the performance of 
hollow fibers with the feed concentration of ethanol/water (85/15wt %).  
 




All dual-layer hollow fibers with the protective layers show a relatively low 
permeation flux and better separation performance as compared to the single-
layer Ultem
®
 hollow fiber. This may be attributed to the fact that a reasonably 
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low concentration of Ultem
®
 polymer hinders the formation of a defect-free 
dense selective layer during the spinning process. This finding is in line with 
the hypothesis proposed by Chung et al. [43] that a polymer dope with an 
equal or higher than critical concentration was normally required to fabricate 
defect-free asymmetric membranes with a dense skin for gas separation and 
pervaporation. As a result, the single-layer Ultem
® 
hollow fiber not only has 
poor pervaporation performance but also is easily swollen or plasticized by the 
ethanol/water feed mixture that causes the huge enhancement in permeation 
flux and reduction in separation efficiency. 
 
On the other hand, the swelling phenomenon can be suppressed through 
introducing an additional protective layer on the single-layer hollow fiber. The 
performance of the dual-layer hollow fibers and their respective outer-layer 
inner-surface morphology is illustrated in Figure 6.8.  
 
All the dual-layer hollow fibers show similar and good separation efficiency 
regardless of their outer-layer materials as shown in Table 6.3. Since the 
hydrophobic PVDF hollow fiber has been reported in our previous study for 
the recovery of ethanol from aqueous solutions [44], the result obtained in the 
present study for dehydration of ethanol is contradicting with the previous 
findings if PVDF is the functional layer. Therefore, the authors believe that the 
selective layers of these newly developed dual-layer hollow fibers are not 
located at the outer-layer. Instead, they are embedded at the interface between 





Figure 6.8 The correlation of outer-layer inner-surface morphology with the 
performance of the hollow fibers 
 
Interestingly, the permeation flux of the as-spun dual-layer hollow fibers has a 
strong correlation with their respective morphology and nature of the outer-
layer materials. As depicted in Figure 6.8, the dense inner-surface of the 
PVDF outer-layer has substantially reduced the permeation flux of this hollow 
fiber though it possesses macrovoids structure at the cross section and outer-
layer surface with pin holes. This phenomenon can be explained based on two 
different aspects.  First, the hydrophobic nature of PVDF may decrease the 
solubility of water on the outer-layer outer-surface of the fiber. Besides, the 
macrovoids structure at the outer-layer cross section of the fiber may cause the 
occurrence of concentration polarization during the pervaporation experiment 
and reduces the permeation flux [45]. Alternatively, the porous structure of 
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both PI and CTA outer-layer inner-surfaces reduces the mass transfer 
resistance throughout the outer-layer and thus, greatly enhances the 
permeation flux. Moreover, the highly microporous outer-layer inner-surface 
of CTA contributes to the highest permeation flux followed by the PI which 
has the large voids embedded in a relatively dense surface. 
 
In view of the fact that the selectivity of the newly developed dual-layer 
hollow fibers is neither controlled by the outer-layer outer-surface (in the case 
of PVDF), nor outer-layer inner-surface (in the cases of both PI and CTA), the 
overall selectivity of the aforementioned dual-layer hollow fibers must be 
governed by the inner-layer outer-surface, as all of the as-spun dual-layer 
hollow fibers showed similar separation efficiency with identical spinning 
parameters and inner-layer materials. On the other hand, the permeance of the 
dual-layer hollow fibers is primarily controlled by the material and the 
morphology of the outer-layer. Fibers that possess a porous inner surface in 
the outer-layer show the highest permeance.  
 
In a nutshell, the proposed spinning method is a single step simultaneous 
coating and hollow fiber fabrication process in which an outer protective layer 
dope solution is extruded concurrently with the inner dope solution through a 
triple orifice spinneret. As shown in Figure 6.1, the inner-layer outer skin is 
protected from a rapid phase inversion by the viscous outer-layer dope 
solution. Meanwhile, the incompatibility and the huge viscosity differences of 
both inner and outer-layer dope solutions facilitate the formation of 
approaching defect-free inner-layer outer skin by hindering the 
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interpenetration of polymer dope solutions for both inner and outer-layers. 
Consequently, there is a sufficient time for the inner-layer outer skin to form a 
less defective skin layer through nucleation growth. Therefore, a near defect-
free inner-layer outer skin can be formed even though the polymer solution is 
below the critical concentration through the proper control of phase inversion 
kinetics and selection of polymer pairs for both inner and outer-layers via the 
proposed I
2
PS. The transport mechanism of all the as-spun dual-layer hollow 
fibers is verified by conducting oxygen enrichment experiment and the results 
are tabulated in Table 6.4.  
 
Table 6.4 Pure gas separation performance of the as-spun hollow fibers 
 
 
It can be seen that the ideal O2/N2 selectivity of the dual-layer hollow fibers is 
larger than Knudsen selectivity (O2/N2 selectivity of 0.93–0.94). This indicates 
that the transport mechanism of penetrates through the fibers can be 
considered as intermediate between pore-flow and solution diffusion 
mechanisms. According to Baker [46], the nominal pore diameter can be 
regarded as smaller than 20Å. Therefore, the defects present in all the fibers in 
our case can be estimated to be smaller than 20Å. 
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In addition, the distinctive differences between the hollow fiber fabricated via 





Figure 6.9 The morphological differences between the hollow fibers 
fabricated via conventional coating method and the proposed method 
 
As compared to the hollow fibers fabricated by conventional coating method, 
the hollow fibers fabricated via the proposed I
2
PS possess the advantage of 
permeance enhancement through formation of the asymmetric porous structure 
for the protective layer that protects the ultra-thin selective layer beneath from 
direct contact with the feed mixtures and hence, the swelling effects can be 
minimized. Besides, delamination may occur if the materials of the coating 
layer and substrate are incompatible. This phenomenon can be overcome 
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6.3.4 Effect of heat treatment on pervaporation performance 
 
Heat treatment is applied to the as-spun dual-layer hollow fibers to enhance 
their selectivity. Heat treatment has been considered as an effective post 
treatment method to promote the stability as well as selectivity of the 
membranes by inducing the molecular relaxation and densification of the 
membrane to repair the defective surface [7, 57-50]. In this study, the fibers 
are placed in a vacuum oven and annealed at 120°C for 2 hours and their 
respective performance is tabulated in Table 6.5.  
 





The permeance of all the heat-treated hollow fibers decreases as compared to 
the pristine as-spun fibers whereas the selectivity of the fibers shows an 
increasing trend. The drastic reduction on permeance and a small increment on 
selectivity of the single-layer Ultem
®
 hollow fiber may indicate that the 
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hollow fiber spun in this condition is highly defective and the heat treatment 




A performance comparison of all hollow fibers in the present study was done 
with various pervaporation membranes available in the literatures which 
consist of inorganic membranes, hybrid/mixed matrix membranes and 
polymeric membranes. The performance of all membranes is converted into 
permeance and selectivity in order to decouple the effect of operating 
conditions and to provide reliable and realistic benchmarking. Based on the 
summarized data in both Table 6.6 and Figure 6.10, the newly developed dual-
layer hollow fibers show a relatively high permeance and good selectivity as 
compared to all the membranes. Depending on the outer-layer material, the 
dual-layer hollow fiber with a CTA outer-layer shows an ultra-high permeance 






Figure 6.10 Graphica  representation of the membranes’ performance in 
dehydration of ethanol 
 
 
Table 6.6 Summary of literature data from various studies on performance of 








It is worthwhile to mention that the water composition in the permeate side 
can be predicted based on the equation suggested by Baker [46]: 
2
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where wy  and wx  are the weight fractions of water at the permeate and feed 
sides, respectively.   is the pressure ratio between the feed side and the 
permeate side.  is the selectivity of the membrane. Figure 6.11 shows the 
simulated curve for a system with a pressure ratio of 400 and water weight 
fraction at the feed side of 0.15. The curve shows a plateau at the mass based 
selectivity of around 300 (mole based selectivity around 800). This indicates 
that the separation efficiency is limited by the pressure ratio across the 
membrane and the selection of membranes with a higher selectivity may not 
give a significant improvement to the process. In this case, the membranes 





Figure 6.11 Simulated permeate water concentration as a function of 
selectivity 
(Feed water concentration: 15wt%, pressure ratio: 400) 
 
6.4 Conclusions  
 
In this study, a novel hollow fiber spinning method based on the immiscibility 
induced phase separation (I
2
PS) has been proposed. The viscous outer-layer 
dope solutions that functioned as the shielding layers have protected the inner-
layer outer-surface from a rapid phase inversion. In addition, the formation of 
the approaching defect-free inner-layer outer skin is triggered by the 
incompatibility between the polymer solutions at both inner and outer-layers. 
Through this method, a dense selective skin layer can be created by using a 
polymer dope solution below its critical concentration. Three types of outer-
layer materials were selected from a range of hydrophobic, hydrophilic, 
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rubbery and glassy materials as the protective layers. The following 
conclusions can therefore be drawn: 
 
 A dense selective layer was formed at the inner-layer outer-surface of 
the fibers based on the immiscibility of the polymers between the 
inner-layer and outer-layer dope solutions. 
 The delamination between the inner and outer-layers of the hollow 
fibers due to the incompatibility of the polymers is suppressed through 
the proper selection and formulation of polymer dope solutions to 
control the shrinkage rate of both layers. 
 The permeance of the as-spun fibers is controlled by the morphology 
and nature (hydrophobicity/hydrophilicity) of the outer protective 
layers. 
 The selectivity of the as-spun fibers is mainly affected by the inner-
layer materials since the selectivity of all as-spun fibers in this study is 
independent of the outer-layer materials and morphology. 
 The outer-layer of the as-spun fibers served as a ‘protective’  ayer to 
shield the selective layer at inner-layer outer-surface from the liquid 
feed mixture. Hence, a hollow fiber with an ultra-thin selective layer 
embedded at the interface can be fabricated with the desired selectivity 
without sacrificing the permeation flux. 
 
It is worth mentioning that the hollow fiber spun from the combination of 
cellulose triacetate (CTA) and Ultem
®
 which possesses a porous protective 
layer shows a high water permeance (29.33 mol/m
2
hkPa) coupled with 
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reasonable water/ethanol selectivity (824 mol/mol) in dehydration of ethanol. 
Depending on the application, the outer-layer material can be selected from a 
wide range of the solvent and temperature resistance materials and acts as the 
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PUSHING THE LIMITS OF HIGH PERFORMANCE DUAL-LAYER 
HOLLOW FIBER FABRICATED VIA IMMISCIBILITY INDUCED 
PHASE SEPARATION (I
2





Pervaporation has been considered as an emerging technology for separation 
since its debut by Kober in 1917 [1]. The early works of pervaporation were 
carried out by several groups such as Binning and his co-works at American 
Oil Company [2], Chiang and Perry at Monsanto Chemical Co. [3, 4] as well 
as Aptel, Neel and their co-workers from Ecole Nationale Superieure des 
Industries Chimiques (ENSIC), Nancy, France [5, 6]. Since then, 
pervaporation has continuously shown superior inherent capability to separate 
liquid mixtures such as azeotropic mixtures, solutions with a similar boiling 
point, thermal sensitive compounds, organic-organic mixtures as well as the 
removal of dilute organic species from wastewater [7-18]. However, the 
thriving era for pervaporation can only begin if highly permeable asymmetric 
membranes are developed and commercially available. Several commercial 
pervaporation membranes ranging from polymeric, inorganic to hybrid 
materials have been introduced such as Pervap
® 
by Gesellschaft für 
Trenntechnik (GFT) (then Sulzer Chemtech) [19, 20], Aquarius
®
 by 
Membrane Technology and Research (MTR) Inc. [12, 13], NaA zeolite by 
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Mitsui Engineering and Shipbuilding Co. Ltd [21] and Hybsi
® 
by Pervatech 
B.V. (licensed from Energy research Centre of the Netherlands) [22]. 
Nevertheless, most inorganic membranes have the drawbacks of complicated 
fabrication and high cost, while most organic membranes may encounter 
weaknesses such as swelling, low permeation flux and poor separation factor. 
Thus, there are huge demands for high performance pervaporation membranes.  
 
Polymers remain as the most versatile and viable membrane material due to 
their ease of fabrication as well as relatively low production costs as compared 
to inorganic membranes. The membrane fabricated in a hollow fiber form is 
reported to own a higher packing density, self-supporting structure and self-
containing vacuum channel if the shell feed mode is applied [7, 14, 23]. The 
art in hollow fiber spinning comprises a large number of control parameters 
throughout the entire chain of dope formulation, coagulation chemistry, 
spinneret design to the spinning parameters such as air gap and take-up speed. 
The complexity increases as the spinning method advances from the single-
layer to the dual-layer hollow fibers. The dual-layer hollow fiber possesses the 
advantages of cost reduction as well as to provide a higher degree of freedom 
for the customization of materials and morphology in both selective and 
supporting layers [24]. This sophisticated spinning technique was 
demonstrated by Henne et al. in early 1980s to fabricate dialyzing membranes 
with an adsorbent layer [25]. Thereafter, the research on dual-layer hollow 
fiber has been extended into various fields of separation such as gas separation, 
nanofiltration, membrane distillation and pervaporation [26-32].  
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The compatibility between the inner and outer layer dope solutions is an 
important concern during the dual-layer hollow fiber spinning. Delamination 
between the inner and outer layer materials may occur if the compatibility is 
poor. This undesirable phenomenon may lead to the deterioration of 
membrane performance and structural failure [24, 32]. Significant efforts have 
been gathered to elucidate and eliminate the delamination phenomenon during 
the dual-layer hollow fiber spinning. Li et al. [24, 32] concluded that the 
delamination phenomenon can be eliminated through the proper selection of 
bore fluid chemistry, inner-layer dope concentration and control of shrinkage 
rates in both inner and outer layers. Widjojo et al. [33] introduced the usage of 
an indented dual-layer spinneret to induce early convective premixing of 
polymer solutions in both inner and outer layers inside the spinneret prior to 
phase inversion. Besides, the delamination phenomenon can be overcome 
through post treatment processes such as heat treatment and solvent exchange 
[24, 33].  
 
In spite of the aforementioned advantages and methods to eliminate the 
delamination phenomenon of dual-layer hollow fibers, the application of dual-
layer hollow fiber spinning was extended to the fabrication of mixed matrix 
hollow fibers for gas separation and pervaporation where nano-particle fillers 
were incorporated into the outer-layer dope solutions [34-38]. In addition, this 
spinning technique can be applied to design specific morphology and 
properties of hollow fibers through the manipulation of dope formulations in 
both inner and outer layers [39-41]. In situ polymer blending can also be done 
through co-extruding polymer materials that were miscible in both inner and 
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outer layer channels of the dual-layer spinneret. Jiang et al. [42] reported the 
usage of polysulfone and Matrimid
®
 as outer and inner layer dope solutions 
respectively to form an interpenetrating polymer network at the interface 
between the inner and outer layers. Furthermore, Kopéc et al. [43] reported on 
the usage of a triple orifice spinneret to fabricate a single-layer hollow fiber 
membrane with an inner selective skin by introducing the concept of 
‘chemistry in a spinneret’    cross in er was added into the bore f uid to 
induce simultaneous crosslinking and phase inversion during the spinning 
process, while a mixture of solvent and non-solvent was flowing at the outer 
layer to control the thickness of the inner selective layer. 
 
Recently, Ong and Chung [44] proposed an alternative single-step co-spinning 
method to produce high performance hollow fibers for dehydration of ethanol 
via pervaporation by means of the immiscibility induced phase separation 
(I
2
PS) process. The I
2
PS technique utilized the concept of phase separation 
phenomena occurring in the immiscible blend dopes to induce the formation 
of a selective layer between the inner-layer and outer-layer. This configuration 
has the advantage of preventing the selective layer from direct contact with the 
feed mixture through a shielding layer extruded as the outer-layer. As a result, 
the swelling of the selective layer can be significantly reduced if a proper 
outer-layer material is chosen. However, the fabrication of hollow fibers with 
a thin selective layer embedded at the interface without scarifying selectivity 
and permeation flux is very challenging. This study aims to overcome this 
challenge and to explore the methods to enhance the performance of I
2
PS 
hollow fibers by customizing the inner- ayer’s materia s as we   as to reduce 
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the mass transfer resistance at both outer and inner surfaces. The separation 
performance and structural stability of the newly developed hollow fibers were 
investigated for the dehydration of ethanol at 65°C for 200 hours followed by 
80°C for 100 hours. It is believed that this fundamental work may provide 
valuable insights for the development of next generation pervaporation 




7.2.1 Polymer dope preparation and dual-layer hollow fiber spinning 
 
Cellulose triacetate (CTA) was used as the outer-layer material since it has the 
inherent capability to create a relatively porous inner surface in the outer-layer 
[44], while three commercially available materials; namely, (1) polyetherimide 
(PEI) known as Ultem
®
 1010, (2) polysulfone (PSf) and (3) co-polyimide of 
3 3’4 4’benzophenone tetracarboxy icdianhydride and 80% 
methylphenylenediamine + 20% methylenediamine known as P84
®
 were 
employed as the inner-layer materials to provide a comprehensive range of 
inexpensive polymer (PSf) to high performance chemical resistance polymer 
(P84
®
)  for inner-layer materials selection. 
 
All the polymers were vacuum dried overnight prior to dope preparation. First, 
the polymer was gradually added to the NMP under a continuous stirring 
condition and stirred for 24 hours to obtain a homogeneous solution. Table 7.1 
tabulates the compositions of all dope solutions. Thereafter, the dope solutions 
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were poured into ISCO syringe pumps and degassed overnight prior to hollow 
fiber spinning. 
 




The dual-layer hollow fibers were fabricated via dry-jet wet-spinning by co-
extruding both outer-layer and inner-layer polymer dopes as well as bore fluid 
through a triple-orifice spinneret. The detailed description of hollow fiber 
spinning set-up had been described elsewhere [23, 24, 26, 27]. Table 7.1 
tabulates the spinning parameters. The as-spun fibers were immersed in water 
for two days to ensure complete removal of the residual solvent from the as-
spun fibers. All the fibers were then solvent exchanged by immersing them in 
methanol for 30 minutes followed by n-hexane for another 30 minutes. Each 
solvent treatment was repeated 3 times. Finally, the fibers were air dried at 





7.3 Results and discussion 
 









, while CTA was maintained as the outer-layer material 
because it has the required chemical resistance as well as the inherent 
capability to create a relatively porous inner-surface in the outer-layer that 




Figure 7.1 Morphology of the fibers spun from various inner-layer materials  
(Outer-layer dope flow rate: 0.2 ml/min; inner-layer dope flow rate: 1.5ml/min; 
bore fluid flow rate: 1.0 ml/min) 
 
Figure 7.1 shows the general morphology of hollow fibers spun from various 
inner-layer materials. Despite the solubility parameter of P84
®
 is the closest to 
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CTA among the three inner-layer materials shown in Table 7.2 [18, 33, 42, 45-
47], the adhesion between the CTA outer and P84
® 
inner layers is poor and 
delamination is visibly observed for the resultant fiber.  
 
Table 7.2 Solubility parameters of polymers and solvents [18, 33, 42, 45-47] 
 
 
The delamination occurs mainly due to a large difference in shrinkage rate 
between the P84
®
 inner-layer and the CTA outer-layer [32]. A similar 





dual-layer hollow fibers [33].  
 
It is worth noting that the inner surface morphology of the outer-layer is 
strongly correlated with the physicochemical properties of the inner-layer 
materials. The inner-surface of the outer-layer for hollow fibers spun from PSf 
is relatively porous but the porosity reduces when the inner-layer material 




. The evolution of morphology may be 
elucidated from the aspects of solubility parameters of the respective polymer 
pairs as well as the phase inversion mechanism.  
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In general, solubility parameter and hydrophilicity of a material are closely 
correlated. The higher the solubility parameter, the more the hydrophilicity is. 
Therefore, a huge difference in solubility parameter between CTA and PSf 
may cause the rejection of both polymer dopes at the interface. It may lower 
the polymer concentration near the interface and induce the formation of a 
porous structure upon the completion of the phase inversion process. A typical 
example was given by Zhang et al. [48] where they reported that the 
hydrophilic cellulose membranes cast on a hydrophobic surface (Teflon plate) 
possessed a relative porous structure as compared to the membranes cast on a 
hydrophilic surface (glass plate) due to the differences in polymer-casting 
surface interaction. Conversely, strong interactions may occur between the 
outer and inner layer dope solutions of CTA and P84
®
 due to the close 
solubility parameter of both polymers. The high molecular interaction may 
lead to the formation of a relatively dense interfacial structure due to the faster 
gelation process initiated by a higher polymer concentration at the interface. 
Jiang et a  ’s work [42] gave a typical example where polysulfone and 
Matrimid
®
 formed a relatively dense layer at the interface between the inner 
and outer layers.   
 
From the perspective of phase inversion, it is known that the 
hydrophobicity/hydrophilicity properties of the inner-layer materials may 
influence the phase inversion mechanism and fiber morphology. Figure 7.2 
portrays the phase inversion mechanisms that yield different final morphology 




Figure 7.2 Proposed phase inversion mechanism for the hollow fibers spun 
with different inner-layer materials 
 
The fiber spun from the PSf inner-layer dope possesses relatively large 




). The low 
polymer concentration zone near the interface of PSf and CTA due to the 
mismatches of their solubility parameters and hydrophobicity/hydrophilicity 
may have created the weak points for the non-solvent (i.e., water) intrusion. 
The sizes of macrovoids become smaller when (1) the solubility parameter 
difference between the inner and outer layer materials is reduced and/or (2) 




are applied as inner-layer 
materials because the outer CTA layer is hydrophilic. In addition, chain 
entanglement plays an important role to retard the formation and propagation 
of macrovoids [23]. Since the critical concentration of P84
®
 in NMP is 
relatively low (shown in Figure 7.3 [33, 44]), there are certain degrees of 
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polymer chain entanglements occurring in the dope solution that may partially 




Figure 7.3 The shear viscosity of dope solutions as a function of polymer 
concentration  [33, 44] 
 
As a result, the fiber spun from P84
®
 as the inner-layer material possesses a 
sponge-like structure underneath the CTA outer layer. Similarly, since the 
CTA concentration is close to its critical concentration of 12 wt% [48] and its 
thickness is very thin [32, 50-51], the outer-layer morphology of all fibers 
shows a macrovoid-free structure.     
 
7.3.1.2 Performance evaluation 
 
The dehydration performance of hollow fibers as a function of inner-layer 
material and outer-layer dope flow rate is tabulated in Table 7.3.  
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Table 7.3 Performance of hollow fibers with different inner-layer materials 
for dehydration of ethanol 
 
 
For comparison, single-layer hollow fibers spun from exactly the same inner-
layer materials and dope formulations through the same triple orifice spinneret 
are used as the controls. All control fibers show insignificant separation 
factors, while the separation factors of all dual-layer I
2
PS fibers increase with 
an increase in outer-layer flow rate. The performance enhancement is 
predominantly due to (1) the effectiveness of the shielding effect by the outer 
protective layer during the phase inversion process and (2) the reduced 
swelling during pervaporation experiments. In other words, a high outer-layer 
dope flow rate can effectively prevent the intrusion of the strong external 
coagulant (i.e., water) during phase inversion and thus promote the formation 
of a nearly defect-free selective layer at the outer-surface of the inner-layer 
[44]. In addition, a relatively thick CTA outer layer may restrain the swelling 
effect caused by the feed mixture during pervaporation experiments. However, 
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a reduction in permeation flux is observed for fibers with a thicker CTA outer 
layer due to a larger mass transfer resistance. The data in Table 7.3 are re-
plotted in terms of selectivity and permeance in Figure 7.4 for rapid 
comparison of all I
2




Figure 7.4 Graphical representations on the performance of hollow fibers as a 




 co-polyimide has been regarded as a very robust material for 
pervaporation membranes [52, 53], the dual-layer hollow fibers spun from 
P84
®
 co-polyimide as inner-layer material show the worst performance in 
terms of selectivity among all I
2
PS fibers. This poor result arises from the 
occurrence of delamination between the inner and outer layers, thus the 
imperfect outer-layer shielding from intrusion may result in defects in the 




 and ethanol (shown in Table 7.2) may induce inner-layer swelling 
and deteriorate the overall separation performance. In the case of CTA/PSf 
hollow fibers, they have a lower permeance but with a satisfactory selectivity. 
The low permeance may be attributed to the fact that, comparing with other 
fibers, they have relatively less porous structures in inner surface of the inner 
layer as shown in Figure 7.1. As a result, they have a higher transport 
resistance for mass transfer. On the contrary, the fibers spun from Ultem
®
 as 
the inner-layer material possess a balance in both selectivity and permeance 
for dehydration of ethanol. Clearly, the dehydration performance of I
2
PS fibers 
is affected by the inner-layer materials and CTA/ Ultem
®
 fibers are therefore 
chosen for subsequent studies.  
 
7.3.2 Reduction of mass transfer resistance 
 
7.3.2.1 Manipulation of the outer-surface of the outer-layer (i.e., top surface 
or skin) 
 
Figure 7.5 portrays the top surface (i.e., the outer-surface of the outer-layer) 
morphology of the as-spun fibers obtained from the previous section, which 






Figure 7.5 Top surface morphology of the fibers spun from various inner-
layer materials 
(Outer-layer dope flow rate: 0.1 ml/min; inner-layer dope flow rate: 1.5ml/min; 
bore fluid flow rate: 1.0 ml/min) 
 
These dense surfaces may provide additional mass transfer resistance. Fibers 
with higher permeances may be obtained if this transport resistance at the top 
surface is reduced. Two approaches are therefore explored; namely, (1) the 
reduction of dense layer thickness by increasing the bore fluid flow rate and (2) 
the induction of a defective top surface by dual-bath spinning with the help of 
an acetone/water mixture as the secondary coagulant. The second approach is 
based on the fact that CTA can be dissolved by acetone while Ultem
®
 is 
relatively inert for a short contact. The idea can be implemented by exposing 
the as-spun hollow fibers to acetone via a dual-bath spinning process as shown 
in Figure 7.6. A mixture of 85 wt% acetone and 15 wt% water is applied as the 
secondary external coagulant to provide a relative mild condition to create a 





Figure 7.6 A dual-bath system of the spinning process 
 
The top 4 rows of Table 7.4 show the effect of bore fluid flow rate on 
dehydration performance of ethanol. For both outer-layer dope flow rates of 
0.2 and 0.4 ml/min, enhancements in separation factor are observed. The 
enhancement is much significant for the fibers spun with a small outer-layer 
dope flow rate of 0.2 ml/min.   
 
Figure 7.7 compares their morphology and indicates several factors possibly 
occurring as the bore fluid flow rate increases. First, there is a reduction in 
fiber wall thickness due to the increment of the lumen diameter [54]. In 
addition, a higher bore fluid facilitates a faster demixing so that a more porous 
inner skin may be formed. As a result, the transport resistance across the 
membrane is reduced and the flux is increased. Furthermore, a high bore fluid 
rate would radially expand the nascent fiber. This may result in an increase in 
hoop elongation and induce molecular orientation along the circumference that 
enhances the separation factor [54]. On the other hand, the degrees of lumen 
expansion and hoop elongation are significantly reduced if a higher outer-layer 
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dope flow rate of 0.4 ml/min is used because it is difficult to radially expand a 
nascent hollow fiber with a thick outer layer.  
 
Table 7.4 Performance of the hollow fibers with various spinning parameters 






Figure 7.7 Morphology of the fibers spun from various bore fluid flow rates  
(without acetone treatment) 
 
 
Figure 7.7 compares their morphology and indicates several factors possibly 
occurring as the bore fluid flow rate increases. First, there is a reduction in 
 191 
fiber wall thickness due to the increment of the lumen diameter [54]. In 
addition, a higher bore fluid facilitates a faster demixing so that a more porous 
inner skin may be formed. As a result, the transport resistance across the 
membrane is reduced and the flux is increased. Furthermore, a high bore fluid 
rate would radially expand the nascent fiber. This may result in an increase in 
hoop elongation and induce molecular orientation along the circumference that 
enhances the separation factor [54]. On the other hand, the degrees of lumen 
expansion and hoop elongation are significantly reduced if a higher outer-layer 
dope flow rate of 0.4 ml/min is used because it is difficult to radially expand a 
nascent hollow fiber with a thick outer layer.  
 
Positron annihilation spectroscopy (PAS) was used to probe the structure of 
the CTA outer layer as a function of positron energy/penetration depth. As 
depicted in Figure 7.8, a sharp reduction in R-parameter is observed around 
the positron energy of 1.5 keV which is correspondent to the relatively dense 
structure at the outer surface [27]. Thereafter, the R-parameter starts to ascend 
and reaches a plateau, indicating transition from a relatively dense to a 
relatively porous structure.  A comparison of the evolution profiles of R-
parameter indicates that the fiber spun at the bore fluid flow rate of 1.0 ml/min 
has a fairly thick CTA skin layer as compared to the fiber spun at 1.2 ml/min 
due to hoop expansion and elongation as well as bore-fluid induced convective 
flow. Therefore, not only does the increase in bore fluid flow rate from 1.0 to 
1.2 ml/min affect the dense selectivity layer in the Ultem

 layer, but also 





Figure 7.8 R-parameter vs. positron energy of the CTA/Ultem® hollow fibers 
 
The bottom 2 rows of Table 7.4 show the effect of acetone treatment on the 
membrane performance for the dehydration of ethanol. For the fiber spun at 
the outer-layer flow rate of 0.2 ml/min, the acetone treatment slightly 
improves the flux but considerably for the separation factor, while there is no 
much improvement on both flux and separation factor for the fiber spun at the 
outer-layer flow rate of 0.4 ml/min. For the former fiber, the acetone treatment 
may result in a more porous CTA outer skin and thus a less transport 
resistance. Based on the Huang-Feng model [55], a reduction of substructure 
resistance can enhance both flux and separation factor for pervaporation 
membranes. As a consequence, the former fiber has a better flux and 
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separation factor after the acetone treatment. Figure 7.9 compares the top skin 
morphology before and after the acetone treatment. It confirms our hypothesis 
that a more porous structure is formed after the acetone treatment. On the 
other hand, the acetone treatment has very limited effects on the fiber spun at 
the outer-layer flow rate of 0.4 ml/min because of a much thicker CTA layer.  
 
 
Figure 7.9 Surface morphology of the pristine (CTA/Ultem®-A-BF1.2) and 
acetone treated (T-CTA/Ultem®-A-BF1.2) fibers 
 
7.3.2.2Manipulation of the inner-surface of the inner-layer (i.e., inner-surface) 
 
In addition to use 95/5 wt% NMP/water as a bore fluid, two approaches are 
explored to study the effects of bore fluid chemistry on I
2
PS fibers and to 
produce a fully porous inner surface of the inner layer with a higher flux. They 
are (1) the use of 95/5 wt% NMP/kerosene as a bore fluid and (2) the 
combined employment of 10 wt% ethanol as a non-solvent for the inner-layer 
dope solution and 95/5 wt% NMP/kerosene as a bore fluid. Figure 7.10 shows 
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the inner surface and cross section morphology of the resultant fibers, while 




Figure 7.10 Inner-layer inner-surface and cross section morphology of the 
hollow fiber spun with different bore fluids and inner layer dope solutions 
 
There are drastic differences in the inner surface morphology. As shown in 
Table 7.2, kerosene has a much lower solubility parameter than other solvents 
and polymers, but it has a higher molecular weight than other solvents (i.e., 
water, NMP and ethanol). Furthermore, kerosene is miscible with ethanol but 
immiscible with water. Therefore, the incorporation of 5% kerosene into the 
NMP bore fluid may reduce the mass transfer rate during phase inversion.  
Thus, mainly large pores are formed as shown in Figure 7.10. On the other 
hand, the addition of a small amount of ethanol in the inner layer dope 
solution improves the mass transfer because kerosene and ethanol are miscible. 
As a result, a more porous surface structure is formed. In fact, the surface 
morphology of the fiber spun with the addition of ethanol in the inner layer 
dope solution possesses the most porous structure. As tabulated in Table 7.5, 
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the hollow fiber spun with the ternary inner layer dope solution has the highest 
flux among the investigated fibers with a minor sacrifice in separation factor.  
 
Table 7.5 Performance of the hollow fibers with different bore fluid and inner 




7.3.3 Stability study and benchmarking 
 
The stability of the hollow fiber spun with the ternary inner-layer dope 
solution was evaluated for 300 hours. The permeate side of the fiber was 
maintained at around 7-15 mbar using a two-stage diaphragm pump during the 
idle mode with continuous circulation of feed solution. Thereafter, the vacuum 
was lowered to 1 mbar for the sample collection using a rotary pump. The 
performance of the fiber was initially monitored at 65°C for around 200 hours. 
Subsequently, the temperature of the feed solution was raised to 80°C to verify 
the stability of the same fiber at a higher operating temperature. Figure 7.11 
depicts the performance stability of the hollow fiber (CTA/Ultem
®
-EK) as a 





Figure 7.11 Stability of the hollow fiber (CTA/Ultem
®
-EK) in dehydration of 
ethanol 
 
The fiber possesses a relatively stable performance throughout the monitored 
period. After 180 hours at 65 C, the flux stabilizes at about 5.8 kg/m2h with a 
permeate water purity of 96.2 wt%. The flux is further increased to 9.5 kg/m
2
h 
with a permeate water purity of 95.8 wt% if the feed temperature is raised to 
80 C. For benchmarking, Figure 7.12 compares the newly developed I2PS 
membranes with literatures in terms of mole-based selectivity and permeance 
(details of the figure are shown in Table 7.6 in supporting information). All 
hollow fibers spun via I
2
PS possess a relatively high permeance and 
reasonable selectivity as compared to other membranes, signifying the 
feasibility of using these I
2






Figure 7.12 The performance of the I
2
PS membranes in dehydration of 
ethanol via pervaporation 
(Refer Table 7.6 for the details) 
 







* Estimated from Figure 7.11 
 
7.4  Conclusions  
 
Efforts have been made to enhance and optimize the performance of the 
hollow fibers spun via I
2
PS process by varying the inner-layer materials and 
reducing mass transfer resistance in both top and inner-surfaces of the hollow 
fibers. A highly porous inner-surface of the outer-layer has been successfully 
formed for the fibers spun with relatively incompatible materials in both outer 
and inner layers such as the combination of cellulose triacetate (CTA) and 
polysulfone (PSf). Fibers with a defective (a higher outer surface porosity?) 
outer-surface of the outer-layer have been obtained by introducing the acetone 
treatment during the spinning process to partially dissolve the outer protective 
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layer made from CTA. Conversely, the incorporation of kerosene and ethanol 
as non-solvents in both bore fluid and inner-layer dope solution have 
improved the permeation flux of the fiber. The following conclusions can 
therefore be drawn: 
 
 The selection of inner-layer materials has significant effects toward the 
morphology at the outer-layer inner-surface of the fibers whereby a 
relatively incompatible material between both layers tends to yield a 
highly porous outer-layer inner-surface.  
 The hollow fiber that suffers from delamination phenomenon shows a 
higher permeation flux and lower separation efficiency due to the 
inefficient shielding effect of the outer protective layer that causes 
swelling in the inner selective layer. 
 The water/ethanol selectivity of the acetone treated fiber is comparable 
to pristine fiber which verifies that the selectivity of the fiber is 
controlled by the inner-layer outer-surface. 
 The substitution of water with kerosene in bore fluid creates a delay 
demixing environment and causes a more porous inner-layer inner-
surface. The porosity and performance of the fibers can be further 
enhanced by addition of ethanol into the inner-layer dope solution prior 
to spinning process. 
 The fiber spun from I2PS process shows a stable performance 
throughout the monitored period of 300 hours (200 hours at 65°C 
followed by 100 hours at 80°C) signifying its feasibility in dehydration 
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The objective of this study was to explore the approaches to develop high 
performance polymeric membranes for the separation and purification of 
biofuels and solvents via pervaporation process from the aspects of material 
development, membrane formation and hollow fiber spinning. The following 
conclusions can be drawn based on the aforementioned studies. 
 
8.1.1 A prospective study on the application of thermally rearranged acetate 
containing polyimide membranes in dehydration of biofuels via 
pervaporation 
 
In terms of material development, a novel class of solvent resistant polymer, 
polybenzoxazole was synthesized via thermal rearrangement process from 
polyimide-base precursor. It was found that the thermal rearrangement 
temperature played a significant role in affecting the performance of the 
membranes as compared to the holding period. The aforementioned membrane 
possessed a superior permeation flux with reasonable selectivity as compared 
to the polyimide-base precursor in dehydration of isopropanol and n-butanol. 
Therefore, this novel solvent-resistant and thermally stable material has 
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provided an alternative in materials selection to fabricate high performance 
pervaporation membranes.  
 
8.1.2 Fundamentals of semi-crystalline poly(vinylidene fluoride) membrane 
formation and its prospects for biofuel (ethanol and acetone) 
separation via pervaporation 
 
The membrane formation phenomena by means of non-solvent induced phase 
inversion (NIPS) process was investigated by using semi-crystalline 
poly(vinylidene fluoride) (PVDF). A mixed solvent system from the mixture 
of N-Methyl-2-pyrrolidone (NMP) and tetrahydrofuran or NMP/Acetone 
coupled with the evaporation of volatile latent solvent at elevated temperatures 
has effectively suppressed macrovoids and promoted dense skin layer 
formation in PVDF membranes as compared to that of pure NMP system. In 
addition, the pore structure of membranes cast from mixed solvent systems 
can be further designed into the desired interconnected open pore structure 
rather than globular structure with weaker mechanical strengths by altering the 
demixing process at selected evaporation temperatures. The results revealed 
that PVDF membranes cast from mixed solvent systems at higher evaporation 
exhibit superior separation factors with reasonably high fluxes as compared to 
those of pure NMP system in the purification of ethanol from acetone/ethanol 
mixture. Hence, the proposed method has provided a new option in the 
fabrication semi-crystalline PVDF membranes with the ease of tuning the pore 
structure by only varying a single membrane formation parameter.  
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8.1.3 High performance dual-layer hollow fiber fabricated via novel 
immiscibility induced phase separation (I
2
PS) process for dehydration 
of ethanol 
 
This study discloses a novel immiscibility induced phase separation (I
2
PS) 
process to fabricate high performance dual-layer hollow fiber for dehydration 
of ethanol via pervaporation. The I
2
PS process takes the advantages of phase 
separation phenomena occurring in immiscible blend dopes made of 
incompatible polymers. The identified polymer pairs were simultaneously 
extruded through a triple orifice spinneret and fabricated into dual-layer 
composite hollow fibers. The phase inversion kinetics of the outer-layer dope 
solutions as well as the nature of outer-layer materials was identified to have 
great correlations with the performance of the membranes. Besides, the newly 
fabricated dual-layer hollow fibers show a relatively high performance as 
compared to the membranes available in the literatures. Heat treatment may 
enhance the selectivity of the aforementioned hollow fibers with some 
sacrifices of permeance. The present study may illuminate an innovative 
approach for hollow fiber fabrication in the future.  
 
8.1.4 Pushing the limits of high performance dual-layer hollow fiber 
fabricated via immiscible induced phase separation (I
2
PS) process in 
dehydration of ethanol  
 
This study reports the efforts to enhance the performance of hollow fibers 
spun via I
2
PS by elucidating the material selection at the inner-layer as well as 
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exploring the methods to create porous surfaces at both inner and outer 
surfaces in order to enhance the permeation flux through the reduction of mass 
transfer resistances. A highly porous inner-surface of the outer-layer is 
observed for the fibers spun with relatively incompatible materials in both 
outer and inner layers. The stability analysis demonstrates that the fiber spun 
from I
2
PS possesses stable dehydration performance throughout the monitored 
period, which shows relatively high water permeance coupled with reasonable 
water/ethanol selectivity as compared with membranes available in the 
literatures. The outcomes of this study have reduced the performance gap 
between polymeric and inorganic membranes. Therefore, the production cost 
of the membranes and the operation cost required for the separation and 




Based on the results obtained from the abovementioned studies, the following 
recommendations may provide further insight for the development of 
membranes in the future. 
 
 It should be noted that the polybenzoxazole membrane synthesized in 
this study consists of stiff and rigid heterocyclic structure, which 
greatly restricts the flexibility of the resulted membranes. This is 
because the highly reactive monomer that has a rigid structure was 
chosen in this preliminary study. Further study is needed to enhance 
the mechanical strength and the conversion of imide to oxazole moiety 
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of the aforementioned membranes by incorporating other monomers 
during the synthesis of the polyimide-base precursor. In addition, the 
permeation flux of the membranes can be further improved through the 
incorporation of monomer with bulky group during the synthesis of 
precursor in to increase the fractional free volume of the polymer [1]. 
 The PVDF membranes cast from mixed solvent systems in the 
aforementioned study only focused on the separation of 
ethanol/acetone binary mixture. Further research is needed to study the 
feasibility of these membranes in acetone/n-butanol/ethanol ternary 
feed mixture since the final products of the fermentation contains a 
higher concentration of n-butanol [2]. Besides, it will be interesting to 
examine the possibility of the aforementioned membrane fabrication 
technique in glassy polymers.  
 While the study in hollow fiber spinning has demonstrated the 
effectiveness of the proposed I
2
PS spinning method for producing high 
performance hollow fiber for the separation and purification of 
biofuels via pervaporation process, a theoretical description on the 
phase inversion phenomena is preferred to obtain a complete 
understanding on this spinning method. Further study is needed to 
examine the possibility of the aforementioned hollow fiber fabrication 
method for the application of gas separation and water purification.  
 
In a nutshell, all the performance evaluations of the membranes fabricated in 
the present study were carried out in lab scale from a few days to 2 weeks. 
Therefore, the study on the long-term stability (preferably 3 months to 1 year) 
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of the membranes is strongly recommended in future study. In addition, the 
hollow fibers fabricated in the aforementioned study can also be scale-up for 
pilot plant study in order to evaluate the performance of the membranes close 
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